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Preface 


The main purpose of this second edition is essentially the same as the first edition with changes noted below. 
Accordingly, first we quote from the preface by Murray R. Spiegel in the first edition of this text. 

“The theory of functions of a complex variable, also called for brevity complex variables or complex 
analysis, is one of the beautiful as well as useful branches of mathematics. Although originating in an 
atmosphere of mystery, suspicion and distrust, as evidenced by the terms imaginary and complex 
present in the literature, it was finally placed on a sound foundation in the 19th century through the 
efforts of Cauchy, Riemann, Weierstrass, Gauss, and other great mathematicians.” 

“This book is designed for use as a supplement to all current standards texts or as a textbook for a formal 
course in complex variable theory and applications. It should also be of considerable value to those taking 
courses in mathematics, physics, aerodynamics, elasticity, and many other fields of science and 
engineering.” 

“Each chapter begins with a clear statement of pertinent definitions, principles and theorems together 
with illustrative and other descriptive material. This is followed by graded sets of solved and supplementary 
problems. ... Numerous proofs of theorems and derivations of formulas are included among the solved pro- 
blems. The large number of supplementary problems with answers serve as complete review of the material 
of each chapter.” 

“Topics covered include the algebra and geometry of complex numbers, complex differential and inte- 
gral calculus, infinite series including Taylor and Laurent series, the theory of residues with applications to 
the evaluation of integrals and series, and conformal mapping with applications drawn from various fields.” 

“Considerable more material has been included here than can be covered in most first courses. This has 
been done to make the book more flexible, to provide a more useful book of reference and to stimulate 
further interest in the topics.” 

Some of the changes we have made to the first edition are as follows: (a) We have expanded and cor- 
rected many of the sections to make it more accessible for our readers. (b) We have reformatted the 
text, such as, the chapter number is now included in the label of all sections, examples, and problems. 
(c) Many results are stated formally as Propositions and Theorems. 

Finally, we wish to express our gratitude to the staff of McGraw-Hill, particularly to Charles Wall, for 
their excellent cooperation at every stage in preparing this second edition. 


SEYMOUR LIPSCHUTZ 
JOHN J. SCHILLER 
DENNIS SPELLMAN 
Temple University 
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Complex Numbers 


1.1 The Real Number System 


The number system as we know it today is a result of gradual development as indicated in the following list. 


() 


(2) 


(3) 


(4) 


Natural numbers 1, 2, 3, 4, ... , also called positive integers, were first used in counting. If a and 
b are natural numbers, the sum a+ b and product a - b, (a)(b) or ab are also natural numbers. For 
this reason, the set of natural numbers is said to be closed under the operations of addition and 
multiplication or to satisfy the closure property with respect to these operations. 
Negative integers and zero, denoted by —1, —2, —3, ... and 0, respectively, permit solutions 
of equations such as x + b = a where a and b are any natural numbers. This leads to the operation 
of subtraction, or inverse of addition, and we write x = a — b. 

The set of positive and negative integers and zero is called the set of integers and is closed 
under the operations of addition, multiplication, and subtraction. 
Rational numbers or fractions such as 3, —§, ... permit solutions of equations such as bx = a 
for all integers a and b where b ¥ 0. This leads to the operation of division or inverse of multipli- 
cation, and we write x = a/b or a + b (called the quotient of a and b) where a is the numerator 
and b is the denominator. 

The set of integers is a part or subset of the rational numbers, since integers correspond to 
rational numbers a/b where b = 1. 

The set of rational numbers is closed under the operations of addition, subtraction, multipli- 
cation, and division, so long as division by zero is excluded. 
Irrational numbers such as /2 and 7 are numbers that cannot be expressed as a/b where a and b 
are integers and b 4 0. 


The set of rational and irrational numbers is called the set of real numbers. It is assumed that the student 
is already familiar with the various operations on real numbers. 


1.2 Graphical Representation of Real Numbers 


Real numbers can be represented by points on a line called the real axis, as indicated in Fig. 1-1. The point 
corresponding to zero is called the origin. 


ae i cee VE Bs cr 


= -2 e 0 
Fig. 1-1 
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Conversely, to each point on the line there is one and only one real number. If a point A corresponding to 
areal number a lies to the right of a point B corresponding to a real number b, we say that a is greater than b 
or b is less than a and write a > b or b < a, respectively. 

The set of all values of x such that a < x < bis called an open interval on the real axis while a < x < b, 
which also includes the endpoints a and b, is called a closed interval. The symbol x, which can stand for any 
real number, is called a real variable. 

The absolute value of a real number a, denoted by |a|, is equal to a if a > 0, to —a if a < 0 and to O if 
a = 0. The distance between two points a and b on the real axis is |a — D]. 


1.3. The Complex Number System 


There is no real number x that satisfies the polynomial equation x* + 1 = 0. To permit solutions of this and 
similar equations, the set of complex numbers is introduced. 

We can consider a complex number as having the form a+ bi where a and b are real numbers and 1, 
which is called the imaginary unit, has the property that i? = —1. If z= a+ bi, then a is called the real 
part of z and b is called the imaginary part of z and are denoted by Ref{z} and Im{z}, respectively. The 
symbol z, which can stand for any complex number, is called a complex variable. 

Two complex numbers a + bi and c + di are equal if and only if a = c and b = d. We can consider real 
numbers as a subset of the set of complex numbers with b = 0. Accordingly the complex numbers 0 + Oi 
and —3 + Oi represent the real numbers 0 and —3, respectively. If a = 0, the complex number 0 + bi or bi is 
called a pure imaginary number. 

The complex conjugate, or briefly conjugate, of a complex number a+ bi is a — bi. The complex 
conjugate of a complex number z is often indicated by z or z*. 


1.4 Fundamental Operations with Complex Numbers 


In performing operations with complex numbers, we can proceed as in the algebra of real numbers, 
replacing i? by —1 when it occurs. 


(1) Addition 
(a+ bi) + (c+di =atbitc+di=(atot+(b+ad)i 


(2) Subtraction 


(a+ bi) —(c+ di) =a+bi—c—di=(a-—c)+(b—-d)i 


(3) Multiplication 
(a + bi)(c + di) = ac + adi + bci+ bd’? = (ac — bd) + (ad + be)i 


(4) Division 
If c#0 and d £0, then 
at+bi_at+bi c—di ac —adi+ bei — bdi* 
ct+tdi ctdi c—di_ ce — ai? 
ac+bd+(be-—ad)ji ac+bd_ bc—-ad, 
= e+ dé age eage 
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1.5 Absolute Value 


The absolute value or modulus of a complex number a + bi is defined as |a + bi| = /a? + b?. 


EXAMPLE 1.1: |—4 + 2i| = /(—4)? + 2) = /20 = 2/5. 


If z1, Z2, 23,---,Zm are complex numbers, the following properties hold. 
(1) lziz2l = lzil|z21 or 12122 °° + Zml = [Zi |z2l +++ [Zn 
Zl Z1 ; 
2) JA) =|-— if 2 #0 
£2 £2 


(3) |z1 + 20] S lz] + |z2I or Izy + 22 + +++ + 2ml < [za] + [za] +++ + lem 


(4) |zi + 22) = lel — Izal 


1.6 Axiomatic Foundation of the Complex Number System 


From a strictly logical point of view, it is desirable to define a complex number as an ordered pair (a, b) of 
real numbers a and b subject to certain operational definitions, which turn out to be equivalent to those 
above. These definitions are as follows, where all letters represent real numbers. 


A. Equality (a, b) =(c, d) if and only if a=c,b=d 
B. Sum (a, b)+(c, d) = (a+c, b+ d) 
C. Product (a, b)-(c, d) = (ac — bd, ad + bc) 

m(a, b) = (ma, mb) 


From these we can show [Problem 1.14] that (a, b) = a(1, 0) + b(O, 1) and we associate this with a + bi 
where i is the symbol for (0, 1) and has the property that i? = (0, 1)(0, 1) = (—1, 0) [which can be 
considered equivalent to the real number —1] and (1, 0) can be considered equivalent to the real 
number |. The ordered pair (0, 0) corresponds to the real number 0. 

From the above, we can prove the following. 


THEOREM 1.1: Suppose z;, z2, z3 belong to the set S of complex numbers. Then 


(1) z+ 2 and z;z2 belong to S Closure law 

(2) atwa=watz Commutative law of addition 

3) atl@t+a3)=(+ta2)+z2 Associative law of addition 

(4) z122 = 2221 Commutative law of multiplication 
(5) z1(Z2z3) = (z122)z3 Associative law of multiplication 
(6) 21(22 +23) = 2122 + 2123 Distributive law 


7) m~+0=0427=27, 1-27 =2-1= 2, 0 is called the identity with respect to addition, | is 
called the identity with respect to multiplication. 

(8) For any complex number z; there is a unique number z in S such that z+ z; = 0; 
[z is called the inverse of z; with respect to addition and is denoted by —z)]. 

(9) For any z; 40 there is a unique number z in S such that z;z = zz, = 1; 
[z is called the inverse of z, with respect to multiplication and is denoted by z;' or 1/z;]. 


In general, any set such as S, whose members satisfy the above, is called a field. 


1.7 Graphical Representation of Complex Numbers 


Suppose real scales are chosen on two mutually perpendicular axes X’OX and Y’OY [called the x and y axes, 
respectively] as in Fig. 1-2. We can locate any point in the plane determined by these lines by the ordered 
pair of real numbers (x, y) called rectangular coordinates of the point. Examples of the location of such 
points are indicated by P, Q, R, S, and T in Fig. 1-2. 
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Since a complex number x + iy can be considered as an ordered pair of real numbers, we can represent 
such numbers by points in an xy plane called the complex plane or Argand diagram. The complex number 
represented by P, for example, could then be read as either (3, 4) or 3 + 47. To each complex number there 
corresponds one and only one point in the plane, and conversely to each point in the plane there corresponds 
one and only one complex number. Because of this we often refer to the complex number z as the point z. 
Sometimes, we refer to the x and y axes as the real and imaginary axes, respectively, and to the complex 
plane as the z plane. The distance between two points, z; = x, + iy; and z2 = x2 + iy2, in the complex plane is 


given by |z) —za| = V/(t1 —x2)” + 01-2)”. 


y 
y 
+4 e 
PG, 4) 
* 00-3, 3) a 
49 
se 
T(2.5, 0) j 
xX’ —+—+—_ ++ +—_}—e-+ x 
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ale Si 
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Fig. 1-2 Fig. 1-3 


1.8 Polar Form of Complex Numbers 


Let P be a point in the complex plane corresponding to the complex number (x, y) or x + iy. Then we see 
from Fig. 1-3 that 


x=rcos#, y=rsin@ 


where r = ./x? + y* = |x + iy| is called the modulus or absolute value of z = x + iy [denoted by mod z or 
|z|]; and 6, called the amplitude or argument of z = x + ty [denoted by arg z], is the angle that line OP makes 
with the positive x axis. 

It follows that 


zZ=x+iy =r(cos 6+ isin 8) (1.1) 


which is called the polar form of the complex number, and r and @ are called polar coordinates. It is some- 
times convenient to write the abbreviation cis 6 for cos 0+ isin 0. 

For any complex number z 40 there corresponds only one value of 6 in 0 < 6 <277. However, any other 
interval of length 27, for example —7<6<v7, can be used. Any particular choice, decided upon in 
advance, is called the principal range, and the value of 6 is called its principal value. 


1.9 De Moivre’s Theorem 


Let z} =x, + iy; =r, (cos 0; + isin 6) and z = x2 + iy2 = 12(cos # + isin 62), then we can show that 
[see Problem 1.19] 


Z12Z2 = r1r2{cos(A; + 82) + isin(@, + 42)} (1.2) 
Zr 1 oa 
— = — {cos(@, — 62) + isin(@; — 42)} (1.3) 
2 «12 
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A generalization of (1.2) leads to 


222° + Zn = T1112 +++ Tp{cos(O, + 62 +--- + 6,) + isin(O; + 62 +---+ 4,)} (1.4) 
and if z}] = 72 =--: = Z = z this becomes 
z" = {r(cos 0+ isin 6)}” = r"(cosn@ + isinn6) (1.5) 


which is often called De Moivre’s theorem. 


1.10 Roots of Complex Numbers 


1/n 


A number w is called an nth root of a complex number z if w” = z, and we write w= z’/". From 


De Moivre’s theorem we can show that if n is a positive integer, 


z'/" = {r(cos 9+ isin 6)}!/” 
6 + 2k 6-+2k (1.6) 
=r"{cos( ai 7) + isin( # *)| CaO oc eAl 
n n 


from which it follows that there are n different values for z'/”, i.e., n different nth roots of z, provided z ¥ 0. 


1.11 Euler’s Formula 


By assuming that the infinite series expansion e* = 1 + x + (x7/2!) + (4° /3!) + --- of elementary calculus 
holds when x = i0, we can arrive at the result 


e® = cos 6+ isin 0 (1.7) 


which is called Euler’s formula. It is more convenient, however, simply to take (1.7) as a definition of e’?. 
In general, we define 


e& =e = ee” = e'(cosy +isiny) (1.8) 


In the special case where y = 0 this reduces to e”. 


Note that in terms of (1.7) De Moivre’s theorem reduces to (e’®)" = e?”®, 


1.12 Polynomial Equations 


Often in practice we require solutions of polynomial equations having the form 


agz" + aye | + ane? ++ +n 1Z + an = 0 (1.9) 


where dap #0, a1,..., Gy, are given complex numbers and n is a positive integer called the degree of 
the equation. Such solutions are also called zeros of the polynomial on the left of (1.9) or roots of the 
equation. 
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A very important theorem called the fundamental theorem of algebra [to be proved in Chapter 5] states 
that every polynomial equation of the form (1.9) has at least one root in the complex plane. From this we can 
show that it has in fact n complex roots, some or all of which may be identical. 

If z1, Z2,...,Zp are the n roots, then (1.9) can be written 


az — 21\(Z— 2)+++(Z-%) =O (1.10) 


which is called the factored form of the polynomial equation. 


1.13 The nth Roots of Unity 


The solutions of the equation z” = | where n is a positive integer are called the nth roots of unity and are 
given by 


2k 2k . 
z= cos—— + isin = e*™" = 0,1,2,...,n—-1 (1.11) 
n n 


If we let w = cos2a/n + isin2a/n = e?™/", the n roots are 1, w, w”,..., w”~'. Geometrically, they rep- 
resent the n vertices of a regular polygon of n sides inscribed in a circle of radius one with center at the 
origin. This circle has the equation |z| = 1 and is often called the unit circle. 


1.14 Vector Interpretation of Complex Numbers 


A complex number z = x + iy can be considered as a vector OP whose initial point is the origin O and 
whose terminal point P is the point (x, y) as in Fig. 1-4. We sometimes call OP = x + iy the position 
vector of P. Two vectors having the same length or magnitude and direction but different initial points, 
such as OP and AB in Fig. 1-4, are considered equal. Hence we write OP = AB = x + iy. 


Fig. 1-4 Fig. 1-5 


Addition of complex numbers corresponds to the parallelogram law for addition of vectors [see 
Fig. 1-5]. Thus to add the complex numbers z; and z2, we complete the parallelogram OABC whose 
sides OA and OC correspond to z, and z). The diagonal OB of this parallelogram corresponds to z; + Zp. 
See Problem 1.5. 


1.15 Stereographic Projection 


Let P [Fig. 1-6] be the the complex plane and consider a sphere S tangent to P at z = 0. The diameter NS is 
perpendicular to P and we call points N and S the north and south poles of S. Corresponding to any point A 
on P we can construct line NA intersecting S at point A’. Thus to each point of the complex plane P 
there corresponds one and only one point of the sphere S, and we can represent any complex number by 
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a point on the sphere. For completeness we say that the point N itself corresponds to the “point at infinity” of 
the plane. The set of all points of the complex plane including the point at infinity is called the entire 
complex plane, the entire z plane, or the extended complex plane. 


Fig. 1-6 


The above method for mapping the plane on to the sphere is called stereographic projection. The sphere 
is sometimes called the Riemann sphere. When the diameter of the Riemann sphere is chosen to be unity, 
the equator corresponds to the unit circle of the complex plane. 


1.16 Dot and Cross Product 


Let z; = x; + iy; and z2 = x2 + iy2 be two complex numbers [vectors]. The dot product [also called the 
scalar product] of z; and z2 is defined as the real number 


2+ 22 = XX + MiY2 = |z1||Z2| cos O (1.12) 


where @ is the angle between z, and z which lies between 0 and 7. 
The cross product of z, and z2 is defined as the vector z; x z2 = (0, 0, x12 — y|x2) perpendicular to the 
complex plane having magnitude 


IZ1 X Z2| = X1y2 — yixX2 = |z1||z2| sin 8 (1.13) 
THEOREM 1.2: Let z, and z be non-zero. Then: 


(1) A necessary and sufficient condition that z; and zz be perpendicular is that z; - z2 = 0. 
(2) A necessary and sufficient condition that z; and zz be parallel is that |z; x z2| = 0. 
(3) The magnitude of the projection of z; on Z2 is |Z; - Z2|/|zZ2]. 

(4) The area of a parallelogram having sides z; and zz is |Z; X Za]. 


1.17 Complex Conjugate Coordinates 


A point in the complex plane can be located by rectangular coordinates (x, y) or polar coordinates (r, 6). 
Many other possibilities exist. One such possibility uses the fact that x = 5(z + Z), y= (1/21(z — Z) 
where z = x + iy. The coordinates (z, z) that locate a point are called complex conjugate coordinates or 
briefly conjugate coordinates of the point [see Problems 1.43 and 1.44]. 


1.18 Point Sets 


Any collection of points in the complex plane is called a (two-dimensional) point set, and each point is 
called a member or element of the set. The following fundamental definitions are given here for reference. 


(1) Neighborhoods. A delta, or 5, neighborhood of a point zo is the set of all points z such that 
|Z — zo| < 6 where 6 is any given positive number. A deleted 6 neighborhood of zp is a neigh- 
borhood of zo in which the point zp is omitted, i.e., 0 < |z— z| < 6. 


(2) 


(3) 


(4) 


(5) 


(6) 
(7) 
(8) 
(9) 


(10) 
any) 


(12) 


(13) 


(14) 


(15) 
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Limit Points. A point Zo is called a limit point, cluster point, or point of accumulation of a point 
set S if every deleted 6 neighborhood of zp contains points of S. 

Since 6 can be any positive number, it follows that § must have infinitely many points. Note 
that zo may or may not belong to the set S. 

Closed Sets. A set S is said to be closed if every limit point of S belongs to S, i.e., if S contains all 
its limit points. For example, the set of all points z such that |z| < 1 is a closed set. 

Bounded Sets. A set S is called bounded if we can find a constant M such that |z| < M for every 
point z in S. An unbounded set is one which is not bounded. A set which is both bounded and 
closed is called compact. 

Interior, Exterior and Boundary Points. A point zo is called an interior point of a set S 
if we can find a 6 neighborhood of zg all of whose points belong to S. If every 6 neighborhood 
of z) contains points belonging to S and also points not belonging to S, then zp is called a 
boundary point. If a point is not an interior or boundary point of a set S, it is an exterior 
point of S. 

Open Sets. An open set is a set which consists only of interior points. For example, the set of 
points z such that |z| < 1 is an open set. 

Connected Sets. An open set S is said to be connected if any two points of the set can be 
joined by a path consisting of straight line segments (i.e., a polygonal path) all points of 
which are in S. 

Open Regions or Domains. An open connected set is called an open region or domain. 
Closure of a Set. If to a set S we add all the limit points of S, the new set is called the closure of S 
and is a closed set. 

Closed Regions. The closure of an open region or domain is called a closed region. 

Regions. If to an open region or domain we add some, all or none of its limit points, we obtain a 
set called a region. If all the limit points are added, the region is closed; if none are added, the 
region is open. In this book whenever we use the word region without qualifying it, we shall 
mean open region or domain. 

Union and Intersection of Sets. A set consisting of all points belonging to set S; or set S2 or to 
both sets $,; and S, is called the union of S$; and Sz and is denoted by S$; U S$). 

A set consisting of all points belonging to both sets S; and S2 is called the intersection of S, 
and Sz and is denoted by S$; M Sp. 

Complement of a Set. A set consisting of all points which do not belong to S is called the comp- 
lement of S and is denoted by S or S°. 

Null Sets and Subsets. It is convenient to consider a set consisting of no points at all. This set is 
called the null set and is denoted by @. If two sets S$, and Sj have no points in common (in which 
case they are called disjoint or mutually exclusive sets), we can indicate this by writing 
Si NS. = @. 

Any set formed by choosing some, all or none of the points of a set S is called a subset 
of S. If we exclude the case where all points of S are chosen, the set is called a proper 
subset of S. 

Countability of a Set. Suppose a set is finite or its elements can be placed into a one to one 
correspondence with the natural numbers 1, 2, 3, .... Then the set is called countable or denu- 
merable; otherwise it is non-countable or non-denumerable. 


The following are two important theorems on point sets. 


() 
(2) 


Weierstrass—Bolzano Theorem. Every bounded infinite set has at least one limit point. 
Heine-Borel Theorem. Let S be a compact set each point of which is contained in one or more 
of the open sets A;, Az, ... [which are then said to cover S]. Then there exists a finite number of 
the sets A;, Ao, ... which will cover S. 
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SOLVED PROBLEMS 


Fundamental Operations with Complex Numbers 


1.1. Perform each of the indicated operations. 


Solution 

(a2) G64+20)4+(-7-)=3-74+2i-i=-4+i 

(b) (-7-)4+642) =-74+3-i14+2i=-4+i 

The results (a) and (b) illustrate the commutative law of addition. 


(c) (8-61) —-Qi-7)=8-6i-2i+7=15-8i 

(dq) 64+30)+ {(-1+2)+ (7 —-5)} = (54+ 3) 4+ {-14+ 21+ 7 — 57} = (5 +31) 
(ec) {(5+3)+(-14+2)}+ (7-5) = {54+ 3i- 1+ 21} + (7 -— 51) = (44+5)-4 
The results (d) and (e) illustrate the associative law of addition. 

(f) (2—3i)(4 +4 21) = 2(44 21) — 3144 21) = 844i — 121-67 = 8+ 4i- 121+ 6 = 14-8: 
(g) (4+ 2(2 — 31) = 42 — 31 + 212 — 3) = 8 — 1214+ 41-67 = 8 — 121+ 414+ 6 = 14-8i 


The results (f) and (g) illustrate the commutative law of multiplication. 


(h) (2—af{(—-3 + 2(5 — 40} = (2 — d{-15 + 121+ 101 — 877} 


+ (6 —3i) = 11 
G5) S11 


= (2—i)\(—7 + 221) = —14+ 447 + 71 — 227 =8+51i 
(i) {(2—i)(—3 + 21)}(5 — 47) = {-6 + 41 + 3i — 277}(5 — 40 


= (-4+71)(5 — 4) = —20 + 161 + 35i — 287 =8+51i 
The results (h) and (i) illustrate the associative law of multiplication. 


(Gi) (1+ 2i){(7 — 5i) + (-3 + 4} = (-14+ 204-1) = -44+14 81-27? =-249i 


Another Method. 
(-1 + 20{7 — 5i) + (-3 + 40} = (-1 + 207 — 5i) + (-1 4+ 21)(-3 4+ 40) 


= {-74+5i+ 14) — 107} + {3 — 4i — 61 + 877} 
= (3+ 191) + (—5 — 10’) = —2+ 91 


The above illustrates the distributive law. 


Dehli 
. = = i 
1+i 1+i -l-i 1-? 2 2 2 


Another Method. By definition, (3 — 2i)/(—1 + i) is that number a+ bi, where a and b are real, such that 
(-1+ (a+ bi) = —a—b+(a— b)ji=3 —2i. Then —a— b= 3, a— b= —2 and solving simultaneously, 
a=—5/2,b=-—-1/2 ora+bi = —5/2 — i/2. 
(Q) 5+5i, 20  54+5i 3441, 20 4-3: 
3-41 ° 443i 3-41 344i ' 443i 4-3i 
_ 154+ 201+ 15i+207? 80-60i -—5+35i, 80-601 _ , 


T l 


9 — 1672 "16-92 = 25 25 


(m) 329 ox j/9 e 372) — (P)i = 3(- 1b = (-1)7i 
A OS = —1+4+2i 

{Seo Hl Or SAGhore Or 5 Sr 

Tale Ho See, SS 


=1+i 
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1 3 
1.2. Suppose z; = 2 +i, 2% = 3 —2i and z3 = —~+ v3, Evaluate each of the following. 


1.3. 


1.4. 


Dts 32 
Solution 
(a) [3z1 — 4z0| = [3(2 +d) — 4( — 21)| = |6 + 31 — 12 + 8: 


= |-6+ Ili] = ,/(6)? +11) = V157 


(b) z—3z3+4z-8=(2+i)° -32+i +42+4+i)-8 


= (2) +32) @ + 32)0 +7} —344+41+7)4+84+ 41-8 
=8+12i-6—i-—12— 12i+34+8+4i-8 = —74+3i 


© et=(-p+ 4) (4-8) =[4-8)] 
= [148 24] =( 4498)) =! A ee ae ee ee 


4° 2 ‘4 2° 2 4 2 '4 2 2 


2m +2 —-S-i 2 


271 —z22+3-i 


(d) 


* 26-2) + @+)-5-i 
222 + i) — G—2i)+3-i 


> (3-44? — (VG +4" 


(443i? 6/4? +6)? 


3-4i 
~ |44 3i 


Find real numbers x and y such that 3x + 2iy — ix+5y=7+5i. 


Solution 


The given equation can be written as 3x + 5y + i(2y — x) = 7+ 5i. Then equating real and imaginary parts, 
3x + 5y = 7, 2y — x = 5. Solving simultaneously, x = —1, y = 2. 


Prove: (a) Z) #2 =U +2, (b) |zizl = lz ||zl- 


Solution 


Let 7) = x1 + iy1, 22 = X2 + iy2. Then 


(a) w+22 =x +i, +2 + ty2 =X +2 +101 + 2) 


=x +%—-i101 +)y2) =X — D1 +22 - 2 =X +i +YY+H2=%1+2 


(b)  |z1Z2| = 11 + iy) (2 + iv2)| = [1x2 — Yiy2 + i y2 + 1X2)! 


= Jo yiya) + Gry2 + y2)” = jo + ypQag + 3) = /3 yf3 + y3 = lzillzal 
Another Method. 


lazl? = (iz)\(Zz2) = und = (azz) = lal? lzal* or |zizol] = |zullzol 


where we have used the fact that the conjugate of a product of two complex numbers is equal to the product of 
their conjugates (see Problem 1.55). 


Graphical Representation of Complex Numbers. Vectors 


1.5. 


Perform the indicated operations both analytically and graphically: 


(a) 3+4)+64+2i, (b) @—21)-Q—-5i), () C3451) + (44 21) + S — 31) + (—4—- 61). 
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Solution 


(a) Analytically. (8+ 4i)+(5+ 21 =3+544i1+2i=8+4 6i 


Graphically. Represent the two complex numbers by points P; and P2, respectively, as in Fig. 1-7. 
Complete the parallelogram with OP; and OP? as adjacent sides. Point P represents the sum, 8 + 6i, 
of the two given complex numbers. Note the similarity with the parallelogram law for addition of 
vectors OP; and OP? to obtain vector OP. For this reason it is often convenient to consider a complex 


number a+ bi as a vector having components a and b in the directions of the positive x and y axes, 
respectively. 


Fig. 1-7 


(b) Analytically. (6 — 2i) —(2—5i) =6 —2—214+5i=443i 


Graphically. (6 — 2i) — (2 — 5i) = 6 — 2i+ (—2 + 5i). We now add 6 — 2i and (—2 + 5i) as in part (a). 
The result is indicated by OP in Fig. 1-8. 


(c) Analytically. 


(—3 + 5i) + (44 21) + G6 — 31) + (-4 — 61) = (-3+4+5 —4)4+ (i+ 2i — 3i— 61) = 2 — 21 


Graphically. Represent the numbers to be added by 2), 22, 23, Z4, respectively. These are shown graphi- 
cally in Fig. 1-9. To find the required sum proceed as shown in Fig. 1-10. At the terminal point of vector z; 
construct vector z2. At the terminal point of z2 construct vector z3, and at the terminal point of z3 construct 
vector z4. The required sum, sometimes called the resultant, is obtained by constructing the vector OP 


from the initial point of z, to the terminal point of z4, 1.e., OP =z +2+23+% =2-—2i. 


Fig. 1-9 Fig. 1-10 
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1.6. Suppose z; and zz are two given complex numbers (vectors) as in Fig. 1-11. Construct graphically 
(a) 32; — 2%, (b) 322 +341 


Solution 


(a) In Fig. 1-12, OA = 3z, is a vector having length 3 times vecter z; and the same direction. 
OB = —2z, is a vector having length 2 times vector zz and the opposite direction. 
Then vector OC = OA + OB = 3z; — 2z). 


Fig. 1-11 Fig. 1-12 


Fig. 1-13 
(b) The required vector (complex number) is represented by OP in Fig. 1-13. 


1.7. Prove (a) |Z) + Z| < [ail + [z2l,  (b) |z1 + 22 +23] S lz] + 122] + [zs], (©) lai — zal = zal — lal 
and give a graphical interpretation. 


Solution 


(a) Analytically. Let z; = x; + iy,, Z2 = X2 + iy2. Then we must show that 


Veitartortyy? <)3+34 [8493 


Squaring both sides, this will be true if 


(x1 +32)? + 1 +2) Sap typ $2 OF +903 + y3) $5 +5 
ie., if xX. + yy. <= (Ot + ¥POS + 3) 


or if (squaring both sides again) 


x4x5 + Wpxyiy2 + YpYs S xpd + xtys + TS + YS 


2,2 2:2 
or 2x1 x21 V2 S X{V9 + WyXR 


But this is equivalent to (x,y: — x2y,)* > 0, which is true. Reversing the steps, which are reversible, 
proves the result. 
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Graphically. The result follows graphically from the fact that |z;|, |z2|, |z1 + Z2| represent the lengths of 
the sides of a triangle (see Fig. 1-14) and that the sum of the lengths of two sides of a triangle is greater 
than or equal to the length of the third side. 


|Z2| 


|Z) +29| 


Fig. 1-14 
(b) Analytically. By part (a), 


Iz1 + 22 + 23] = lz + (22 + 23) S Iza] + zo + 231 S zal + ze + lzsl 


Graphically. The result is a consequence of the geometric fact that, in a plane, a straight line is the shortest 
distance between two points O and P (see Fig. 1-15). 

(©) Analytically. By part (a), |z1| = |z1 — 22 + zal < [zr — zl + [zo]. Then [zy — zo] > |z1| — [zo]. An equival- 
ent result obtained on replacing z. by —z is |z; + Z2| => |z1| — |Zl. 
Graphically. The result is equivalent to the statement that a side of a triangle has length greater than or 
equal to the difference in lengths of the other two sides. 


1.8. Let the position vectors of points A(x;, y;) and B(x2, y2) be represented by z; and Zp, respectively. 
(a) Represent the vector AB as a complex number. (b) Find the distance between points A and B. 


Solution 


(a) From Fig. 1-16, OA + AB = OB or 


AB = OB — OA = 22 — | = (%2 + iva) — (1 + iy1) = G2 — x1) + 102 — yn) 


(b) The distance between points A and B is given by 


ABI = |@2 — x1) +102 — yl = V2 —mP +2 — yw? 


y 
y 
A B 
ca 7 
B(x, Y2) 
x x 
O 22 Cc 
Fig. 1-16 Fig. 1-17 


1.9. Let z; = x, + iy; and z = x) + iy2 represent two non-collinear or non-parallel vectors. If a and b 
are real numbers (scalars) such that az; + bz. = 0, prove that a = 0 and b = 0. 


1.10. 


1.11. 
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Solution 


The given condition az, + bz. = 0 is equivalent to 


a(x, + iy1) + DQ + iy2) = 0 or ax; + bx. + (ay; + by2) = 0. 


Then ax; + bx. = 0 and ay; + by2 = 0. These equations have the simultaneous solution a= 0, b= 0 if 
y1/x1 #Y2/Xo, ie., if the vectors are non-collinear or non-parallel vectors. 


Prove that the diagonals of a parallelogram bisect each other. 


Solution 


Let OABC [Fig. 1-17] be the given parallelogram with diagonals intersecting at P. 

Since z} + AC = Zz, AC = Zz — Zz. Then AP = m(z — z}) whereO <m< 1. 

Since OB = z, +2, OP = n(z; +2) whereO<n< 1. 

But OA+AP=OP, ie., y+mMa2—-m)=na+H) or I—m—n)zy+(m—n)z=0. Hence, by 


Problem 1.9, 1 —m—n=0, m—n=0orm=}, n= and so P is the midpoint of both diagonals. 


Find an equation for the straight line that passes through two given points A(x,, y,) and B(x, yo). 


Solution 


Let z} = x; + iy; and z. = x2 + iy2 be the position vectors of A and B, respectively. Let z = x + iy be the 
position vector of any point P on the line joining A and B. 


From Fig. 1-18, 


OA+AP=OP or z73+AP=z ie, AP=z-Z 
OA+AB=OB or Zz +AB= xv, 1.e., AB = 2 — zy 


Since AP and AB are collinear, AP = tAB or z — z; = t(z2 — z1) where tf is real, and the required equation is 
Z=utta—zu) or z= —-Ay+te 
Using 7. =x, + iy}, 2=%X%+iy2 andz=x+ iy, this can be written 


TM  YTSI 
X2—X1 = =y2— V1 


xX— xX, =t(X.—-%1), y-y =tO2-—y1) Or 


The first two are called parametric equations of the line and tf is the parameter; the second is called the equation 
of the line in standard form. 


Another Method. Since AP and PB are collinear, we have for real numbers m and n: 


mAP=nPB or m(z—2z) =nm—2) 


Solving, 


mz, + NZ MX, + NX2 my, + Ny2 
Z= — — or x = — —_ = 
m+n m+n m+n 


which is called the symmetric form. 
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Fig. 1-18 Fig. 1-19 


1.12. Let AC, —2), B(—3, 4), C(2, 2) be the three vertices of triangle ABC. Find the length of the median 
from C to the side AB. 


Solution 


The position vectors of A, B, and C are given by z; = 1 — 2i, z2 = —3+ 4i and z3 = 2 + 2i, respectively. 
Then, from Fig. 1-19, 


A354, 29 S245 =A SSI Ge 
BC=3-2% =24+2i-(-34+ 4) =5—-2i 

AB=%y—-7 =—-3+4-(C —-2i1) =-4+4+ 6 

AD = SAB = 5(— 4 + 6i) = —2 + 3i_ since D is the midpoint of AB. 
AC+CD=AD or CD=AD—AC= -—-2+3i-(1+4i) = —-3—-i. 


Then the length of median CD is |CD| = |—3 — i| = V/10. 


1.13. Find an equation for (a) a circle of radius 4 with center at (—2, 1), (b) an ellipse with major axis of 
length 10 and foci at (3, 0) and (3, 0). 
Solution 


(a) The center can be represented by the complex number —2 + i. If zis any point on the circle [Fig. 1-20], the 
distance from z to —2 +i is 


lz—(-2+)| =4 
Then |z + 2 — i| = 4 is the required equation. In rectangular form, this is given by 


ln+2)+ig-—Dl =4, ie, @+2P+(~—- 1’ = 16 


x (-3, 0) 


Fig. 1-20 Fig. 1-21 
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(b) The sum of the distances from any point z on the ellipse [Fig. 1-21] to the foci must equal 10. Hence, the 
required equation is 


jz +3] + |z—3| = 10 


In rectangular form, this reduces to x?/25 + y*/16 = 1 (see Problem 1.74). 


Axiomatic Foundations of Complex Numbers 


1.14. Use the definition of a complex number as an ordered pair of real numbers and the definitions on 
page 3 to prove that (a, b) = a(1, 0) + b(O, 1) where (0, 1)(0, 1) = (—1, 0). 


Solution 


From the definitions of sum and product on page 3, we have 


(a, b) = (a, 0) + (0, b) = a(1, 0) + BO, 1) 


where 


(0, 1), 1) = (0-0—1-1,0-1+1-0)=(-1, 0) 


By identifying (1, 0) with 1 and (0, 1) with 7, we see that (a, b) = a+ bi. 
1.15. Suppose z, = (a), bj), 22 = (a, b2), and z3 = (a3, b3). Prove the distributive law: 
21 (Zo + 23) = 2122 + 2123. 
Solution 
We have 
Z1(Z2 + 23) = (1, Di ){(a2, b2) + (a3, b3)} = (a1, Bi )(a2 + a3, bz + b3) 

= {aj (a2 + a3) — by (bz + b3), ay(b2 + b3) + bi (a2 + a3)} 
= (aa — by bz + aya3 — bi b3, aybz + by ay + ayb3 + by a3) 
= (a,a2 — by b2, aybz + byaz) + (aya3 — by b3, a,b3 + b1a3) 
= (a1, D1 )(a2, b2) + (a1, bi )(a3, b3) = 2122 + 2123 


Polar Form of Complex Numbers 


1.16. Express each of the following complex numbers in polar form. 
(a) 242/31, (6) —5+5i, ©) —-V6-V2i, @ —3i 


Solution 
(a) 2+2/3i [See Fig. 1-22.] 


Modulus or absolute value, r = |2 4 2/3i| = /4412=4. 
Amplitude or argument, @ = sin! 2./3/4 = sin7!./3/2 = 60° = 77/3 (radians). 
Then 


24+2V3i = r(cos 6+ isin 0) = 4(cos 60° + isin 60°) = 4(cos 77/3 + isin 77/3) 


The result can also be written as 4 cis 77/3 or, using Euler’s formula, as 4e7/?. 
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1.17. 


y 
2+ 2N3i y 
4 
2N3 
60° 
2 x 
Fig. 1-22 Fig. 1-23 


(b) —5+5i [See Fig. 1-23.] 


r=|-5 +5i| = /25+ 25 =5V2 
0 = 180° — 45° = 135° = 37/4 (radians) 


Then 


—5 + 5i = 5/2(cos 135° + isin 135°) = 5V2 cis 37/4 = 5V 20°74 


(c) —V6 — J2i [See Fig. 1-24.] 


r=|-v6— V2i| = V6 +2 =2V2 
0 = 180° + 30° = 210° = 77/6 (radians) 


Then 


V6 — V2i = 2/2(cos 210° + isin 210°) = 2V2 cis 77/6 = 2V2e7™/* 


S 
a 
x x 
3 
Fig. 1-25 


(d) —3i [See Fig. 1-25.] 


r= |-3i| = |0 -3i| = 049 =3 
0 = 270° = 37/2 (radians) 


Then 


—3i = 3(cos 37/2 4+ isin37/2) = 3 cis 37/2 = 36°77 


Graph each of the following: (a) 6(cos 240° + isin240°), (b) 4e°7/°,  (c) 2e7™/4. 


Solution 


(a) 6(cos 240° + isin 240°) = 6 cis 240° = 6 cis 42/3 = 6e*™/? can be represented graphically by OP in 
Fig. 1-26. 
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If we start with vector OA, whose magnitude is 6 and whose direction is that of the positive x axis, we can 


obtain OP by rotating OA counterclockwise through an angle of 240°. In general, re! is equivalent to a vector 
obtained by rotating a vector of magnitude r and direction that of the positive x axis, counterclockwise through 


(b) 


an angle 0. 
y y . 
s P 
Vv 
x e 2 A ao 
yi 45° 
rs 
2 
P x 
O P 

Fig. 1-26 Fig. 1-27 blest 

4637/9 — 4(cos 37/5 + isin 37/5) = 4(cos 108° + isin 108°) 


(c) 


is represented by OP in Fig. 1-27. 


2e-7/4 — 2{cos— 7/4) + isin(—77/4)} = 2{cos(—45°) + isin(—45°)} 


This complex number can be represented by vector OP in Fig. 1-28. This vector can be obtained by start- 
ing with vector OA, whose magnitude is 2 and whose direction is that of the positive x axis, and rotating 
it counterclockwise through an angle of —45° (which is the same as rotating it clockwise through an angle 
of 45°). 


1.18. A man travels 12 miles northeast, 20 miles 30° west of north, and then 18 miles 60° south of west. 
Determine (a) analytically and (b) graphically how far and in what direction he is from his starting 
point. 


Solution 


(a) 


(b) 


Analytically. Let O be the starting point (see Fig. 1-29). Then 
the successive displacements are represented by vectors OA, 
AB, and BC. The result of all three displacements is represented 
by the vector 


OC = OA+AB+ BC 
Now 


OA = 12(cos 45° + isin 45°) = 12e™/4 


AB = 20{cos(90° + 30°) + isin(90° + 30°)} = 20e?™/? a 
BC = 18{cos(180° + 60°) + isin(180° + 60°)} = 18¢47/3 Fig. 1-29 
Then 


OC — 12e™/4 Bit 20e27/3 4+ 1864/3 
= {12 cos 45° + 20 cos 120° + 18 cos 240°} + i{12 sin 45° + 20 sin 120° + 18 sin 240°} 


= {(12)(V2/2) + (20)(—1/2) + (18)(—1/2)} + (12)(WV/2/2) + (20)(3/2) + (18)(—-V3/2) 
= (6V2 — 19) + (6V2 + V3)i 


If r(cos 6+ isin 6) = 6/2 — 19+ (6/2+ 73)i, then r= V(6/2— 19) + 6/24 V3? = 14.7 
approximately, and @ = cos—!(6./2 — 19)/r = cos~!(— .717) = 135°49’ approximately. 

Thus, the man is 14.7 miles from his starting point in a direction 135°49’ — 90° = 45°49’ west of north. 
Graphically. Using a convenient unit of length such as PQ in Fig. 1-29, which represents 2 miles, and a 
protractor to measure angles, construct vectors OA, AB, and BC. Then, by determining the number of units 
in OC and the angle that OC makes with the y axis, we obtain the approximate results of (a). 
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De Moivre’s Theorem 


1.19. 


1.20. 


1.21. 


Suppose z; = r|(cos 6; + isin 6,) and z2 = ro(cos 6) + isin 82). Prove: 
He z ‘a ene 
(a) ziz2 = rira{cos(, + 2) + isin(™ + 42)},  (b) = — (cost 41 — 6) + isin(O; — 6)}. 
2 2 


Solution 


(a) 2122 = {r (cos 6; + isin 61) }{r2(cos 62 + isin 62)} 
= r|ro{(cos 6; cos 62 — sin 8; sin 82) + i(sin 8; cos 82 + cos 8 sin 4)} 
= rro{cos(O; + 4) + isin(@; + 42)} 


Z)  ry(cos & +isin 6) (cos 6 — isin A) 


(b) 


aD ro(cos 0 + isin 42) , (cos #2 — isin 42) 
r, [(cos 6; cos 6 + sin 6; sin 82) + i(sin 0; cos 62 — cos 0; sin 62) 
cos? 0) + sin? 6 


ie) 


= {cos(6; — 02) + isin(6; — 02)} 
2 


a 


In terms of Euler’s formula, e’’ = cos 6+ isin 6, the results state that if z} = rje’ and z = me!™, then 


2122 = rye) and 2/2) = ryel™ /rye!™ = (ry /ry)e—™, 
Prove De Moivre’s theorem: (cos 6+ isin 6)” = cosn@+ isinn@ where n is any positive integer. 


Solution 


We use the principle of mathematical induction. Assume that the result is true for the particular positive integer 
k, 1.e., assume (cos 6+ isin 6)* = cosk@+ isink@. Then, multiplying both sides by cos 6+ isin 6, we find 


(cos 6+ isin 6)**! = (coské + isink6)(cos 6+ isin 0) = cos(k + 1)6 + isin(k + 1)@ 


by Problem 1.19. Thus, if the result is true for n = k, then it is also true for nm = k + 1. But, since the result is 
clearly true for n = 1, it must also be true form = 1+ 1 =2andn =2+1 = 3, etc., and so must be true for all 
positive integers. 


The result is equivalent to the statement (e’%)” = e”9. 


Prove the identities: (a) cos5@ = 16 cos’ 6 — 20 cos? 6+ 5cos 6; 
(b) (sin 56)/(sin 6) = 16cos* 6— 12cos? 6+ 1, if 940, +7, +27,.... 


Solution 


We use the binomial formula 
(abot at (T)ato+ (5 Jato pit (Tar pop 


where the coefficients 


n\ _ n! 
r) rn—?r)! 


also denoted by C(n,r) or ,C;, are called the binomial coefficients. The number n! or factorial n, is defined as 
the product n(n — 1)---3-2-1 and we define 0! = 1. 
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From Problem 1.20, with n = 5, and the binomial formula, 


cos 56+ isin5@ = (cos 0 isin @) 


= cos’ 0+ @ ) (os! €)(isin 8) + (3 )tcos 6)(i sin 6)” 


BN tourna as ee eee 
+ (; Jos A)(isin 6)” + (| )eco @)(i sin 6)" + (isin 6) 


= cos” 6+ S5icos* Asin 6— 10cos? @sin? 6 
— 10icos” Asin? 8+ 5cos Osin* 6+ isin? 6 
= cos 0— 10cos’ Asin? 6 + 5cos @sin* 6 


+ i(5 cos* @sin 6 — 10cos” @sin® 6+ sin? 6) 


Hence 

(a) cos5@= cos’ 6— 10cos* @sin* 6+ 5cos sin’ 6 
= cos 6 — 10.cos? @(1 — cos” 6) + 5 cos A(1 — cos? 6)” 
= 16cos* 6 — 20cos* 6+ Scos 6 


(b) sin5@ = 5cos* @sin 6 — 10 cos? Osin? 6+ sin? 0 
or 


sin 56 
sin 0 
= 5cos* @— 10.cos” A(1 — cos” 6) + (1 — cos” 6)” 


= 5cos* 6 — 10cos* @sin* 6+ sin* 6 


= 16cos* @— 12cos* 6+ 1 
provided sin 640, 1e., 040, +7, +27,.... 


id, ,-i0 i0 _ ,-i0 
1.22. Show that (a) cos 6 = a (b) sin 6 = —. 
i 
Solution 
We have 
ce’ = cos 0+ isin 6 (1) 
e'? = cos 0 — isin (2) 


(a) Adding (1) and (2), 
2? + e§ —2cos@ or cosd= 
(b) Subtracting (2) from (1), 


e?— e — 2isin@ or sind= 
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1.23. Prove the identities (a) sin’ 6 = 3sin 0— $sin36, (b) cos* 0 = }cos 46 + $cos 20+ 3. 


Solution 


8i3 


| sie id, 2,-i0 ~3i0 oo Ce NY fae geet Eine 
= 3 3e" + 3e e y= i 4 i 


= > sin —<sin30 
= 7 as 


id _,—id\ 3 id _,—i0\3 
(a) sin? @= (‘ > ) = (e e ) = (ely 3(e!°)?(e7!°) as 3(e (e197 = (e7*)?} 


id —i0\ 4 id —i0\4 
(b) cos’ = (“ gives )-£ ened 


2; 16 
— i (el®4 a 4(e!®)} (e7 #9) 4+ 6(e!9)? (e719)? ae A(e!* (e793 ae (e7!%)4} 


= (Cad + Ae?! 4 6 4 Ae-2i0 4 emai (S +e) | (>) | 3 


3 
8 


1 1 
= gc0s40 { 700828 t 


1.24. Given a complex number (vector) z, interpret geometrically ze'“ where a is real. 


Solution 


Let z= re’® be represented graphically by vector OA in 
Fig. 1-30. Then 


ia i0 | pia _ rellor+a) 
is the vector represented by OB. 


Hence multiplication of a vector z by e’* amounts to 
rotating z counterclockwise through angle a. We can con- 


sider e’* as an operator that acts on z to produce this 
rotation. 


1.25. Prove: e'? = e(9+2k™ k= 0, +1, +2,.... Fig. 1-30 


Solution 


ef(9+2k™ — eos(@ + 2ka) + isin(@ + 2k) = cos 6+ isin d = e? 


1.26. Evaluate each of the following. - 
7 i (2 cis 15°)’ ( + =) 
a 3(cos 40° + isin 40°)][4(cos 80° + isin 80°)], (b) —M——, (c ——_ 
(a) [3¢ L4¢ Ml, (b) (cis 455 (c) 1_ Ji 
Solution 
(a) [3(cos 40° + isin 40°)][4(cos 80° + isin 80°)] = 3 - 4[cos(40° + 80°) + isin(40° + 80°)] 
= 12(cos 120° + isin 120°) 


= 12( 3+ Pi) = 6+ 6V3i 
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(2 cis 15°)’ _ 128 cis 105° 
(4 cis 45°) 64 cis 135° 


= 2[cos(—30°) + isin(—30°)] = 2[cos 30° — isin30°] = V3 —i 


(b) = 2 cis(105° — 135°) 


10 
1 3 
= (cis 120°)! = cis 1200° = cis 120° = =H ae 


é rs ) | 2 cis(60°) 
© \— Fai) = \Peis—609 


Another Method. 


bay Vea 2Qmi/3\10 __,207i/3 
[aa ee 


= e& Me™ — (1)[cos(27/3) + isin(27/3)] = — ; + a 


1.27. Prove that (a) arg(z,z2) = arg z; + arg Zo, (b) arg(z,/z2) = arg z; — arg Z2, stating appropriate con- 
ditions of validity. 


Solution 


Let z; = ri(cos 0; + isin 01), Z2 = r2(cos 62 + isin 62). Then arg z; = 01, argz2 = Oh. 


(a) Since z1Z2 = rr2{cos(@ + 62) + isin(@, + 62)}, arg(ziz2) = 6) + & = arg z + arg Zz. 
(b) Since z;/z2 = (71 /rz){cos(O, — 02) + isin(6; — 62)}, arg(z1/z2) = 6 — 6 = arg z — arg zp. 


Since there are many possible values for 6; = arg z,; and @) = arg z2, we can only say that the two sides 
in the above equalities are equal for some values of arg z,; and arg z. They may not hold even if principal 
values are used. 


Roots of Complex Numbers 
1.28. (a) Find all values of z for which 7° = —32, and (b) locate these values in the complex plane. 


Solution 


(a) In polar form, —32 = 32{cos(a7 + 2km) + isin(w7+ 2k7)}, k= 0, +1, +2,.... 
Let z = r(cos 8+ isin 9). Then, by De Moivre’s theorem, 


> =P (cos50+ isin56) = 32{cos(a + 2k) + isin(a + 2k7)} 


and so r° = 32, 50 = 7+ 2k7, from which r = 2, 0= (a7 + 2k7)/5. Hence 


a7 + 2ka .. (w+ 2kar 
c= 2fcos( 5 ) + isin( 5 ) 


Ifk =0, z= 21 = 2(cos 77/5 + isin 77/5). 
Ifk=1, z= 2 = 2(cos3m/5 + isin377/5). 

Ifk = 2, z= 73 = 2(cos5a/5 + isin57/5) = —2. 
If k = 3, z= zy = 2(cos7m/5 + isin77/5). 

Ifk =4, z= 75 = 2(cos 97/5 + isin 9277/5). 
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By considering k = 5, 6, ... as well as negative y 
values, —1, —2, ..., repetitions of the above five 
values of z are obtained. Hence, these are the only 
solutions or roots of the given equation. These five 
roots are called the fifth roots of —32 and are collec- 
tively denoted by (—32)!/>. In general, a!/” rep- 
resents the nth roots of a and there are n such roots. 


(b) The values of z are indicated in Fig. 1-31. Note that 
they are equally spaced along the circumference of 
a circle with center at the origin and radius 
2. Another way of saying this is that the roots are 
represented by the vertices of a regular polygon. 


£4 
Fig. 1-314 


1.29. Find each of the indicated roots and locate them graphically. 
(a) (-1+i'?, (b) (-2V3- 21)" 
Solution 
a) (-1+9'” 


~1 41 = V2(cos(32r/4 + 2km) + isin(3a/4 + 2kw)} 
4+ 2k 4+ 2k 
(-14+)!7 = 26 cos( 97 2 *) isin(°7! z ”)| 


3 


If k =0, z = 2!/9(cos 7/4 + isin 77/4). 
If k =1, 2 = 2'/*(cos 117/12 + isin 117/12). 
If k = 2, z3 = 2!/6(cos 197/12 + isin 197/12). 


These are represented graphically in Fig. 1-32. 


%3 


Fig. 1-32 Fig. 1-33 


(b) (—2/3 — 21/4 
~2V3 — 21 = 4{cos(77/6 + 2km) + isin(77/6 + 2k7)} 


(—23 — 2i)'/4 = 41 cos(7Z/E ==) jsin(77/C 7) 


If k = 0, z) = V2(cos 777/24 + isin 777/24). 

If k = 1, z = V2(cos 1977/24 + isin 1977/24). 
If k = 2, z3 = V2(cos 3177/24 + isin 3177/24). 
If k = 3, 4 = V2(cos 437/24 + isin 4377/24). 


These are represented graphically in Fig. 1-33. 


CHAPTER 1 Complex Numbers 


1.30. Find the square roots of —15 — 81. 


Solution 
Method 1. 


—15 — 81 = 17{cos(@ + 2k7) + isin(@ + 2k7)} 


where cos 6 = —15/17, sin @ = —8/17. Then the square roots of —15 — 8i are 


/17(cos 6/2 + isin 6/2) (1) 
and 
V17{cos(0/2 + 7) + isin(6/2 + 7} = —V17(cos 6/2 + isin 6/2) (2) 
Now 


cos 6/2 = +/(1 + cos 6)/2 = +./(1 — 15/17)/2 = +1/V17 
sin 6/2 = +,/ — cos 6)/2 = +/+ 15/17)/2 = 44/V17 


Since 6 is an angle in the third quadrant, 0/2 is an angle in the second quadrant. Hence, 
cos 6/2 = —1//17, sin 0/2 = 4//17, and so from (1) and (2) the required square roots are 
—1+4i and 1 — 4i. As a check, note that (—1 + 41)? = (1 — 4)? = —15 — 81. 


Method 2. 


Let p + ig, where p and gq are real, represent the required square roots. Then 


(p+igy =p’ —@ + 2pqi = -15 — 8i 


or 
p—-g=-i5 (3) 


Pg * (4) 
Substituting g = —4/p from (4) into (3), it becomes p? — 16/p? = —15 or p* + 15p* — 16 = 0, 


ie., (p? + 16)(p? — 1) = 0 or p* = —16, p? = 1. Since p is real, p = +1. From (4), if p = 1, g = —4; 
if p = —1, gq =4. Thus the roots are —1 + 4i and 1 — 4i. 


Polynomial Equations 
1.31. Solve the quadratic equation az + bz+c = 0, a#40. 


Solution 


Transposing c and dividing by a40, 


Taking square roots, 
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1.32. 


1.33. 


1.34. 


1.35. 


Solve the equation z* + (2i— 3)z+5—i=0. 


Solution 


From Problem 1.31, a = 1, b = 2i— 3, c = 5 — i and so the solutions are 


_-btVb—4ac  —Qi-3)+ V(2i — 3)? — 4(D6 i) 3-2+ 15 — 8 
= 2a = xD = 2 
_3-21+ dU -4)) 
7 2 
using the fact that the square roots of —15 — 8i are +(1 — 4i) [see Problem 1.30]. These are found to satisfy the 
given equation. 


=2-3i or 1+i 


Suppose the real rational number p/q (where p and g have no common factor except + 1, i.e., p/q is 
in lowest terms) satisfies the polynomial equation agz’+a;z""!+---+a,=0 where 
do, @1,---,4y are integers. Show that p and g must be factors of a, and do, respectively. 

Solution 


Substituting z = p/q in the given equation and multiplying by q” yields 
agp" + ayp"'q + +++ + dy-1pq" | + ang" = 0 (1) 
Dividing by p and transposing the last term, 


a, 
agp”) + ap’ 2g +++ +a, ag’) = — SE (2) 


Since the left side of (2) is an integer, so also is the right side. But since p has no factor in common with gq, it 
cannot divide g” and so must divide ay. 


Similarly, on dividing (1) by g and transposing the first term, we find that g must divide apo. 
Solve 6z* — 252° + 32z? + 3z— 10 =0. 


Solution 


The integer factors of 6 and —10 are, respectively, +1, +2, +3, +6 and +1, +2, +5, +10. Hence, by 
Problem 1.33, the possible rational solutions are +1, +1/2, +1/3, +1/6, +2, +2/3, +5, +5/2, +5/3, 
+5/6, +10, +10/3. 


By trial, we find that z= —1/2 and z = 2/3 are solutions, and so the polynomial 


(2z + 1)(3z — 2) = 62 —z—2 isa factor of 624 — 252 + 327? + 3z— 10 


the other factor being z* — 4z+ 5 as found by long division. Hence 


624 — 2523 + 322° + 3z— 10 = (67 —z—2)(r — 42 +5) =0 


The solutions of z? — 4z-+5 = 0 are [see Problem 1.31] 


44 JV16=20 44+ V-4 442i _ 


2st 
2 2 2 


Then the solutions are —1/2, 2/3, 2 +i, 2 —i. 


Prove that the sum and product of all the roots of agz” + a,z""! + --- +a, = 0 where ap # 0, are 
—a,/dg and (—1)"a,/do, respectively. 

Solution 

If 21, Z2,..-, 2%, are the m roots, the equation can be written in factored form as 


ag(Z — Z1)(Z — 22) +++ (Z— Zn) =O 
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Direct multiplication shows that 


ag{2" — (21 +a be Henle) bee + (—1)"Z120 +++ Zn} = 0 
It follows that —ao(z, + Z2 +--+ + Zn) = a; and ag@-1)"Z122 +++ Zp = An, from which 
Zteate-+ +2 =—a1/do,  %122°++ Zn = (—1)"an/ao 


as required. 


1.36. Suppose p + gi is a root of agz” + ayz"~! + +--+ a, = 0 where ay £0, a1,...,dn, p and q are real. 
Prove that p — qi is also a root. 


Solution 
Let p + gi = re’® in polar form. Since this satisfies the equation, 
aren 4 GPO a are) eas SO 
Taking the conjugate of both sides 
agre 8 4 aye te ta, re” + a, = 0 


we see that re? = p — qiis also aroot. The result does not hold if ao, . . . ,a, are not all real (see Problem 1.32). 


The theorem is often expressed in the statement: The zeros of a polynomial with real coefficients occur in 
conjugate pairs. 


The nth Roots of Unity 
1.37. Find all the 5th roots of unity. 


Solution 


D> =1=cos 2ka+i sin 2ka = e*™ 


where k = 0, +1, +2, .... Then 


2k a 2kar ; 
Z= Cos 5 + i sin = e7kni/5 


where it is sufficient to use k = 0, 1, 2, 3, 4 since all other values of k lead to repetition. 


Thus the roots are 1, e?7/>, et7/>, e6/>, 8/9. If we call e?7/> =a, these can be denoted by 


1, @, @7, w, w*. 


1.38. Suppose n = 2, 3, 4, .... Prove that 


2 4 6 2n—-1 
(a) cos Tees 7 pcos Te cy tie CUTIE <a 28 
n n n 
2 4 6 2(n — 1 
(b) sin Os sin 7 sin oe eect ce Og 
n n n 
Solution 


Consider the equation z’ — 1 = 0 whose solutions are the nth roots of unity, 


1, enn emt Om es e2in—Dai/n 
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By Problem 1.35, the sum of these roots is zero. Then 


14 e2m/n etn eom/n seen e2in—Dai/n —0 
1.€., 
4a 2(n — 1)7 [. . 4 2(n — 1)a7 
1+ cos + COS { + COS + 74 Sin + sin + in =0 
n n n n 
from which the required results follow. 
Dot and Cross Product 
1.39. Suppose z; = 3 — 4i and z = —4+3i. Find: (a) z-%, (bd) |z x Z|. 
Solution 
(a) z+ Z = Re{Zz2} = Re{(3 + 41)(—4 + 3} = Re{—24 — 7i} = —24 
Another Method. z, - z. = (3)(—4) + (—4)(3) = —24 
(b) [zi X Z2| = |Im{Z1z2}| = [Im{(3 + 41)(—4 + 3D}| = |Im{—24 — 7i}| = |—-7| =7 
Another Method. |z, x z2| = |(3)(3) — (—4)\(—4)| = |-7| =7 
1.40. Find the acute angle between the vectors in Problem 1.39. 
Solution 
From Problem 1.39(a), we have 
cos 8 = anece es - ee ea: .96 
lallz] (3 —4i||-4+3i]| 25 
Then the acute angle is cos~! .96 = 16°16’ approximately. 
1.41. Prove that the area of a parallelogram having sides z, and Zp is |z) x zy]. 
Solution 
Area of parallelogram [Fig.1-34] = (base)(height) 
= (|22|)(z1| sin @) = |z1||Z2| sin 6 = |z1 x Z| 
y 
C(x3, 3) 
ZI 
22 
f 
A(x}, Y) 
ih=|z1| sin 0 B(X2, Y2) 
| O 
Zy 


Fig. 1-34 Fig. 1-35 
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1.42. Find the area of a triangle with vertices at A(x), y1), B(x2, y2), and C(x3, y3). 


Solution 


The vectors from C to A and B [Fig. 1-35] are, respectively, given by 


Z = (1 — x3) +191 — y3) and z= (x2 — x3) + i(y2 — y3) 


Since the area of a triangle with sides z and 2, is half the area of the corresponding parallelogram, we have by 
Problem 1.41: 


Area of triangle = 5|z1 x Z| = 5 |Im{[(x1 — x3) — i01 — y3)][@2 — x3) + 102 — ys) DI 
= $|(%1 — x3)(02 — y3) — O1 — y3)@2 — x3)| 


= 5 lxiy2 — yix2 + x2y3 — yox3 + x3y1 — y3x1| 


x yy 1 
=slla2 y2 111 
X3 Y3 1 


in determinant form. 
Complex Conjugate Coordinates 
1.43. Express each equation in terms of conjugate coordinates: (a) 2x +y=5, (b)x*+y? = 36. 


Solution 


(a) Since z=x+iy, Z=x— iy, x = (2+ 2)/2, y = (z — Z)/2i. Then, 2x + y = 5 becomes 


2(=+2) +() =5 of (2+ Dz+(2i— DE = 10i 


2 2i 


The equation represents a straight line in the z plane. 
(b) Method 1. The equation is (x + iy)(x — iy) = 36 or zz = 36. 


Method 2. Substitute x = (z + 2)/2, y = (¢ — 2)/2i in x? + y* = 36 to obtain zz = 36. 


The equation represents a circle in the z plane of radius 6 with center at the origin. 


1.44, Prove that the equation of any circle or line in the z plane can be written as azZ + Bc + BZ + y=0 
where a and y are real constants while B may be a complex constant. 


Solution 


The general equation of a circle in the xy plane can be written 


AQ? + y’) + Bx+Cy+D=0 


which in conjugate coordinates becomes 


_ Z+Z Z-Z _ (B C B C\_ 
aa+ B(=$*) +e Hp ) +P =0 or Azz G+5)+G set D=0 


Calling A = a, (B/2) + (C/2i) = B and D = y, the required result follows. 


In the special case A = a = 0, the circle degenerates into a line. 
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Point Sets 


1.45. Given the point set S:{i, 5i, $i, $i, ...} or briefly {i/n}. (a) Is S bounded? (b) What are its limit 
points, if any? (c) Is S closed? (d) What are its interior and boundary points? (e) Is S open? (f) Is 
S connected? (g) Is S an open region or domain? (h) What is the closure of S? (4) What is the comp- 
lement of S$? Gj) Is S countable? (k) Is S compact? (1) Is the closure of S compact? 


1.46 


. 


Solution 

(a) Sis bounded since for every point z in S, |z| < 2 (for example), i.e., all points of S lie inside a circle of 
radius 2 with center at the origin. 

(b) Since every deleted neighborhood of z = 0 contains points of S, a limit point is z = 0. It is the only limit 
point. 

Note that since S is bounded and infinite, the Weierstrass—Bolzano theorem predicts at least one limit 
point. 

(c) Sis not closed since the limit point z = 0 does not belong to S. 

(d) Every 6 neighborhood of any point i/n (i.e., every circle of radius 6 with center at i/n) contains points that 
belong to S and points that do not belong to S. Thus every point of S, as well as the point z = 0, is a bound- 
ary point. S has no interior points. 

(e) S does not consist of any interior points. Hence, it cannot be open. Thus, S is neither open nor closed. 

(f) If we join any two points of S$ by a polygonal path, there are points on this path that do not belong to S. 
Thus S is not connected. 

(g) Since S is not an open connected set, it is not an open region or domain. 

(h) The closure of S consists of the set S together with the limit point zero, i.e., {0, i, si, Zi, aks 

(i) The complement of S is the set of all points not belonging to S, i.e., all points z ¥ i, i/2, i/3,.... 

(j) There is a one to one correspondence between the elements of S and the natural numbers 1, 2, 3, ... as 
indicated below: 

i fi ti 4 i. 
t+ + + ¢ 
12 3 4 
Hence, S$ is countable. 
(k) Sis bounded but not closed. Hence, it is not compact. 
(1) The closure of S is bounded and closed and so is compact. 


Given the point sets A = {3, —i, 4,2+i7, 5}, B= {-i, 0, -1,2+i,C= fa/ 9% 5s 3}. Find 
(aJAUB, (bJANB, (C)ANC,GAAN(BUC), ()ANBUANC),AAN(BNC). 


Solution 
(a) A UB consists of points belonging either to A or B or both and is given by {3, —i, 4, 2+ i, 5, 0, —l}. 
(b) AM B consists of points belonging to both A and B and is given by {—i, 2 + i}. 
(c) AMC = {3}, consisting of only the member 3. 
(d) BUC={-i, 0,-1,2+i%, — V2i, 4, 3}. 
Hence AM (BU C) = {3, —i, 2 + i}, consisting of points belonging to both A and BUC. 
(ec) AN B= {-i, 2+ i}, AN C = {3} from parts (b) and (c). Hence (A N B) U (AN C) = {-i, 2 +i, 3}. 
From this and the result of (d), we see that AM (BU C) = (AN B) U(AN OC), which illustrates the 
fact that A, B, C satisfy the distributive law. We can show that sets exhibit many of the properties 
valid in the algebra of numbers. This is of great importance in theory and application. 
(ff) BONC= @, the null set, since there are no points common to both B and C. Hence, AN (BNC) = @ 


also. 
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Miscellaneous Problems 


1.47. A number is called an algebraic number if it is a solution of a polynomial equation 


1.48. 


agz" + ayz" | +++ + ay_1Z + dy = 0 where ao, aj,..., dn are integers. 


Prove that (a) V3 + J2 and (b) J4 — 2i are algebraic numbers. 


Solution 


(a) 


(b) 


Let z= J34+ V2 or z—-V2= V3. Squaring, 2° 2/2z24+2=30r 2—-1=2V72z. Squaring again, 
gt —22 +1 = 82? or ct — 10¢2 + 1 = 0, a polynomial equation with integer coefficients having /3 + 
J2 as a root. Hence, J3 + J2 is an algebraic number. 

Let z= V4-2i or 2+2i= V4. Cubing, 2 +32(2i) + 32(2i? + (21° =4 or P-—12z-4= 
i(8 — 62"). Squaring, 2° + 1224 — 823 + 482? + 96z+80=0, a polynomial equation with integer 
coefficients having </4 — 2i as a root. Hence, </4 — 2i is an algebraic number. 


Numbers that are not algebraic, i.e., do not satisfy any polynomial equation with integer coefficients, are 


called transcendental numbers. It has been proved that the numbers 7 and e are transcendental. However, it 
is still not yet known whether numbers such as ez or e + 77, for example, are transcendental or not. 


y 
Represent gra aphi cally the set = values of z for 
which (a) |; l= 25D) ag <2. 
Solution 
(a) The given equation is equivalent to |z— 3|= 
2|z + 3| or, if 
z=x+ iy, |x+iy—3| =2|x+iy +3], ie., 
Vo-32 +2 =2@ 43% +? 
Squaring and simplifying, this becomes Fig. 1-36 
ety+10x+9=0 
or 
(x+5°+y? = 16 
ie., |z+5| = 4, a circle of radius 4 with center at (—5, 0) as shown in Fig. 1-36. 
Geometrically, any point P on this circle is such that the distance from P to point B(3, 0) is twice the 
distance from P to point A(—3, 0). 
Another Method. 
£3 —3\(z-3 nee 
—,| =21 lent t =z) =4 5z+5z+9=0 
Sore is equivalen 6255) (53) or z+5z+5z+ 
ie., (c+ 5)(Z+ 5) = 16 or |z+5| =4. 
(b) The given inequality is equivalent to |z— 3| < 2|z+ 3] or Vx —3yY+y< 2 +3) + y?. Squaring 


and simplifying, this becomes x* + y? + 10x +9 >Oor(x+5/+y* > 16, ie., [Zz +5] > 4. 
The required set thus consists of all points external to the circle of Fig. 1-36. 
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1.49. Given the sets A and B represented by |z—1| < 2 and |z— 2i| < 1.5, respectively. Represent 


geometrically (a) AM B, (b) A UB. 


Solution 
The required sets of points are shown shaded in Figs. 1-37 and 1-38, respectively. 


y y 


Fig. 1-37 Fig. 1-38 


1.50. Solve 27(1 — 2’) = 16. 


1.51. 


Solution 


Method 1. The equation can be written z+ — z? + 16 = 0, ie., + + 822 + 16 — 92? = 0, (22 + 4) — 92? = Oor 
(2? +44 3z)(2? +4 -—3z)=0. Then, the required solutions are the solutions of z*+3z+4=0 and 
2 —3z+4=0,0r 


7 7 
_ oi and i 


NI] Ww 


Method 2. Letting w = 2’, the equation can be written w? — w+ 16 = 0 and w=} 4 3/7i. To obtain sol- 
utions of 22 = 4+ 3./7i, the methods of Problem 1.30 can be used. 


Let z1, Z2, 23 represent vertices of an equilateral triangle. Prove that 


2 2 2 
Zt + 23 = 2122 + 2223 + 2321 


Solution 

From Fig. 1-39, we see that 
2 — 2 = e™F(z3 — 21) y% 
zy — 23 = e™P(zy — 23) 


Then, by division, 
ZI he 


2-2 23—-Z | 


1-3 y—ZB %3 


or 


ral t GS t z = 2122 + 2273 + 2321 


Fig. 1-39 
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1.52. Prove that for m = 2, 3, ... 


Solution 


The roots of 2” = 1 are z= 1, e27/", e47!/™, | 2" 7/m_ Then, we can write 


eee (z om 1\(z _ emmy (z _ emi) ee (z ome erln—l)ri/m) 


Dividing both sides by z — 1 and then letting z = | [realizing that (7” — 1)/(¢-1)=14+z+2¢74+---4 zm}, 


we find 
m= (1 — ely — ebtilmy.. (y= e2lm-Dmi/my 
Taking the complex conjugate of both sides of (1) yields 
m= (1 —e2/mycy — eAilmy ... (] — @-2m-Dymi/my 


Multiplying (1) by (2) using (1 — e747/™)(1 — e72kt/m) — 2 — 2 cos(2ka/m), we have 


m =2"! (1 cos =") (1 cos =) ao (1 cos caida 2) 
m m m 


Since 1 — cos(2k7r/m) = 2 sin’ (kar/m), (3) becomes 


Sy IE co IF .5(m—1)7 
m? = 27"? sin? — sin? —.-- - sin? 
m m m 


Then, taking the positive square root of both sides yields the required result. 


SUPPLEMENTARY PROBLEMS 


Fundamental Operations with Complex Numbers 


1.53. 


1.54. 


Perform each of the indicated operations: 
(2+ 1)(3 — 21) + 21) 


(a) 4-31) + (i — 8), (d) @—2){20 +9 — 3G — D}, (g) 


(i -i) 
2-—3i 4 2-i 
b) 3(-1+4i — 27 — 3, : h) (2i- 1) 
b) 3C-14+4)-27-), ©) F= (h) Qi yf =| 
. ; A+? +i 
(c) (3+ 212 — 3), (ff) 4+0)3+20)0 —i (i) par re ar 
Suppose z, = 1-7, 72 =—24+4i, B= J3 2i. Evaluate each of the following: 
(a) z+2z—-3 (d)  |z1Z2 + Z2Z1| (g) (2 + 23)(Z1 — 23) 
watotl : 2 
(b) [22 — 3z1/? ¢) AS hh) [24+22 412-2) 
Z—-Z2+1 


(c) (a -—B)P © 5(2+2) (i) Re{2z} + 3z5 — 5z3} 


() 


(2) 


(3) 


(4) 
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1.55. 
1.56. 
1.57. 
1.58. 
1.59. 


1.60. 


Prove that (a) (ZZ) = 2122, (b) (@]Z2z3) = Z1Z273. Generalize these results. 


Prove that (a) (21/22) = 21/22, (b) [21/221 = |zl/Iz2| if z2 # 0. 


Find real numbers x and y such that 2x — 3iy + 4ix — 2y —-5 — 10i= (*+ y+2)-(y—x+4+3)i. 
Prove that (a) Re{z} = (z + z)/2, (b) Im{z} = (z — z)/2i. 
Suppose the product of two complex numbers is zero. Prove that at least one of the numbers must be zero. 


Let w = 3ig— 2 and z=x-+ iy. Find |w/° in terms of x and y. 


Graphical Representation of Complex Numbers. Vectors. 


1.61. 


1.62. 


1.63. 


1.64. 


1.65. 


1.66. 
1.67. 
1.68. 
1.69. 


1.70. 


1.71. 


1.72. 


Perform the indicated operations both analytically and graphically. 


(a) (2+ 31+ (4-5) (dq) 30+4+24- 3) —-(2+5i) 


(b) (7+) —(4-21 (ec) 444-31) +35 +:2i) 
(c) 3(. +2i) — 2(2 — 3) 


Let z,, Z2, and z3 be the vectors indicated in Fig. 1-40. Construct y 
graphically: 


(a) 27 +2%3 


(b) (ata)t+z %3 


(c) atlo+z3) ; 
Fig. 1-40 


(d) 32, = 229 Th 523 


3 
(e-) 422. —Fzt 323 


Let z;} = 4 — 3i and z = —1 +4 2i. Obtain graphically and analytically 
(a) lait+zl, (by lz - Zl, ()%1—%, (d) [221 — 322 — 2]. 


The position vectors of points A, B, and C of triangle ABC are given by z} = 1+4 2i, 72 =4-— 2i, and 
23 = 1 — 6i, respectively. Prove that ABC is an isosceles triangle and find the lengths of the sides. 


Let z1, Z2, 23, z4 be the position vectors of the vertices for quadrilateral ABCD. Prove that ABCD is a 
parallelogram if and only if 71 — 2—23+2=0. 


Suppose the diagonals of a quadrilateral bisect each other. Prove that the quadrilateral is a parallelogram. 
Prove that the medians of a triangle meet in a point. 

Let ABCD be a quadrilateral and FE, F, G, H the midpoints of the sides. Prove that EFGH is a parallelogram. 
In parallelogram ABCD, point E bisects side AD. Prove that the point where BE meets AC trisects AC. 


The position vectors of points A and B are 2 + i and 3 — 2i, respectively. (a) Find an equation for line AB. (b) 
Find an equation for the line perpendicular to AB at its midpoint. 


Describe and graph the locus represented by each of the following: (a) |z — i| = 2, 
(b) |z+2i) + |z—2i)=6, (©) z-3)-—[e+3/=4, @ce@+2)=3, (© Im{z’} =4. 


Find an equation for (a) a circle of radius 2 with center at (—3, 4), (b) an ellipse with foci at (0, 2) and (0, —2) 
whose major axis has length 10. 


1.73. 


1.74. 
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Describe graphically the region represented by each of the following: 


(a) 1 <|z+i) <2, (b) Re{z}>1, (© |z+3i>4, (dd) |z+2—3i) + |z— 243i] < 10. 


Show that the ellipse |z + 3] + |z — 3] = 10 can be expressed in rectangular form as x?/25 + y*/16 = 1 [see 
Problem 1.13(b)]. 


Axiomatic Foundations of Complex Numbers 


1.75. 


1.76. 
1.77. 


1.78. 


1.79. 


1.80. 


Use the definition of a complex number as an ordered pair of real numbers to prove that if the product of two 
complex numbers is zero, then at least one of the numbers must be zero. 


Prove the commutative laws with respect to (a) addition, (b) multiplication. 

Prove the associative laws with respect to (a) addition, (b) multiplication. 

(a) Find real numbers x and y such that (c, d) - (x, y) = (a, b) where (c, d) 4 (0, 0). 

(b) How is (x, y) related to the result for division of complex numbers given on page 2? 
Prove that 


(cos 6, sin 6,)(cos 6), sin 6))--- (cos 8,, sin 0,) 
= (cos[O, + 62 +--+ + On], sin[@ + 62 +--+ + O]) 


(a) How would you define (a, b)'/” where n is a positive integer? 


(b) Determine (a, by!/ ? in terms of a and b. 


Polar Form of Complex Numbers 


1.81. 


1.82. 


1.83. 


1.84. 


1.85. 


1.86. 


1.87. 


1.88. 


Express each of the following complex numbers in polar form: 


(a) 2 — 2i, (b) —1 + V3i, (c) 2V2 + 2V2i, (d) —i, (e) —4, (f) —2V3 — 2i, (g) V2i, (h) V3/2 — 3i/2. 
Show that 2+ i = /Se'ta™' 0/2), 

Express in polar form: (a) —3—4i, (b) 1 —2i. 

Graph each of the following and express in rectangular form: 

(a) 6(cos 135° + isin 135°), (b) 12 cis 90°, (c) 4 cis 315°, (d) 2e°/4, (e) 5e7/®, (Ff) 3672/7, 


An airplane travels 150 miles southeast, 100 miles due west, 225 miles 30° north of east, and then 200 miles 
northeast. Determine (a) analytically and (b) graphically how far and in what direction it is from its starting 
point. 


Three forces as shown in Fig. 1-41 act in a plane on an object 
placed at O. Determine (a) graphically and (b) analytically what 
force is needed to prevent the object from moving. [This force 
is sometimes called the equilibrant.] 


Prove that on the circle z = Re’®, |e| = e~Rsin 9, £40» 
(a) Prove that rye" + rel” = re where 30° 
x 
R= V3 + ry + 2rir2 cos(6, = 02) 
and 
r; sin 0; + rz sin 8 
6; = tan! : ! d 2 
r, cos 0; + 2 COS 45 Fig. 1-41 


(b) Generalize the result in (a). 
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De Moivre’s Theorem 


1.89. 


1.90. 
1.91. 


1.92. 


1.93. 


1.94, 


Evaluate each of the following: (a) (5 cis 20°)(3 cis 40°) (b) (2 cis 50°)® 


(Beis AP BeM™M(QeAMN GM) @ = ane - ") 
(2 cis 60°)* (4¢27i/3)? J34i) Ani 


Prove that (a) sin3@ = 3 sin 6 — 4sin? 6, (b) cos 30 = 4cos? 6 — 3cos 6. 


Prove that the solutions of z+ — 37” + 1 = 0 are given by 
z= 2cos 36°, 2cos 72°, 2cos 216°, 2cos 252°. 


Show that (a) cos 36° = (J/5 + 1)/4, (b) cos 72° = (J/5 — 1)/4. [Hint: Use Problem 1.91.] 
Prove that (a) sin46/sin 8 = 8 cos® 6 — 4cos 6 = 2cos 30+ 2cos 0 


(b) cos 40 = 8 sin* 6 — 8sin? 6+ 1 


Prove De Moivre’s theorem for (a) negative integers, (b) rational numbers. 


Roots of Complex Numbers 


1.95. 


1.96. 


1.97. 
1.98. 
1.99. 


Find each of the indicated roots and locate them graphically. 
(a) (2/3 — 21)”, (b) -4 +40", (©) 2 + 2V3i)'7, @) C161)", (©) (64/9, A) (7. 


Find all the indicated roots and locate them in the complex plane. (a) Cube roots of 8, 
(b) square roots of 4/2+4,/2i, (c) fifth roots of —16 + 16./3i, (d) sixth roots of —27i. 


Solve the equations (a) z+ + 81 = 0, (b) 2° + 1 = V3i. 
Find the square roots of (a) 5 — 12i, (b) 8+ A/5i. 


Find the cube roots of —11 — 2i. 


Polynomial Equations 


1.100. 


1.101. 
1.102. 


1.103. 


1.104. 


Solve the following equations, obtaining all roots: 
(a) 527+ 22+10=0, ()2+@-2)2+ B-)=0. 


Solve 2 — 224-2 +6z-4=0. 


(a) Find all the roots of z+ + z? + 1 = 0 and (b) locate them in the complex plane. 


Prove that the sum of the roots of agz’ + ayz’~! + apz"* +--++ a, =0 where aj £0 taken r at a time is 


(—1)'a,/ag where 0 <r <n. 


Find two numbers whose sum is 4 and whose product is 8. 


The nth Roots of Unity 


1.105. 


1.106. 


1.107. 


Find all the (a) fourth roots, (b) seventh roots of unity, and exhibit them graphically. 
(a) Prove that 1 + cos 72° + cos 144° + cos 216° + cos 288° = 0. 
(b) Give a graphical interpretation of the result in (a). 


Prove that cos 36° + cos 72° + cos 108° + cos 144° = 0 and interpret graphically. 


1.108. 


1.109. 
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Prove that the sum of the products of all the nth roots of unity taken 2, 3, 4,...,(m — 1) at a time is zero. 


Find all roots of (1+ z) =(1—2°. 


The Dot and Cross Product 


1.110. 


1.111. 


1.112. 


1.113. 
1.114. 


1.115. 


Given z; = 2+ 5i and z. = 3 —i. Find 
az-2, (blaxal Ou-a, Mlaxzal, © la-al, @ lea-zl. 


Prove that z) -Z2 = Z2- Z1. 


Suppose z, = rye’ and z = re’. Prove that 
(a) Z1 +22 = r1r2 Cos(O, — A), (b) |z1 X Z| = 172 sin(@ — 6). 


Prove that z - (Z2 + 23) = Z1-2Z2 + 21° 3. 


Find the area of a triangle having vertices at —4 — i, 1 + 2i, 4 — 31. 


Find the area of a quadrilateral having vertices at (2, —1), (4, 3), (-l, 2), and (—3, —2). 


Conjugate Coordinates 


1.116. 


1.117. 


Describe each of the following loci expressed in terms of conjugate coordinates z, z. 
(a)7z= 16, (b) zz—2z—-27+8=0, (c)z+z=4, ()zZ=2z+ Oi. 


Write each of the following equations in terms of conjugate coordinates. 
(a) (x -—3P +y =9, (b) 2x—-3y=5, (c) 4x? 4+ 16)? = 25. 


Point Sets 


1.118. 


1.119. 
1.120. 


1.121. 


1.122. 


1.123. 


1.124. 
1.125. 


1.126. 


Let S be the set of all points a+ bi, where a and b are y 

rational numbers, which lie inside the square shown shaded in } ; 
Fig. 1-42. (a) Is S bounded? (b) What are the limit points of S, if | nah 
any? (c) Is S closed? (d) What are its interior and boundary points? 

(e) Is S open? (f) Is S connected? (g) Is S an open region or 

domain? (h) What is the closure of S? (4) What is the complement O 1 

of S? G) Is S countable? (k) Is S compact? (1) Is the closure of S 
compact? 


Fig. 1-42 


Answer Problem 1.118 if S is the set of all points inside the square. 
Answer Problem 1.118 if S is the set of all points inside or on the square. 


Given the point sets A = {1, i, —i}, B = {2, 1, —i}, C= {i, —i, 1+ i}, D= {0, —i, 1}. Find: 
(zy AU(BUC), (bK)ANC)U(BND), (c)AUCN(BUD). 


Suppose A, B, C, and D are any point sets. Prove that (a) AUB=BUA, (b) ANB=BNA, 
(c)AU(BUC)=AUBUC, DMANBNQO=ANBNC, 
()AN(BUC)=ANBUANC). 


Suppose A, B, and C are the point sets defined by |z + i| < 3, |z| <5, |z+1| < 4. Represent graphically each 
of the following: 


(aVANBNC, ()AUBUC, ()ANBUC, ()CN(AUB), ()AUBNBUYG), 
(f) (AN B)U(BNC)U(CNA), (g) (ANB)U(BNCU(CNA). 


Prove that the complement of a set S' is open or closed according as S is closed or open. 
Suppose S$), S2,...,5, are open sets. Prove that $; US, U--- US, is open. 


Suppose a limit point of a set does not belong to the set. Prove that it must be a boundary point of the set. 
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Miscellaneous Problems 


1.127. 
1.128. 


1.129. 


1.130. 


1.131. 
1.132. 
1.133. 
1.134. 


1.135. 
1.136. 


1.137. 


1.138. 
1.139. 
1.140. 


1.141. 


Let ABCD be a parallelogram. Prove that (AC)? + (BD)* = (AB) + (BC) + (CD)* + (DA). 


Explain the fallacy: —1 = /—1J/—1 = /@ DCD = v1 = 1. Hence 1 = —1. 


(a) Show that the equation z+ + a,z* + apz” + a3z + a4 = 0 where aj, a, a3, a4 are real constants different 
from zero, has a pure imaginary root if a} + ajaq = aya7qQ3. 


(b) Is the converse of (a) true? 


{cos + ncos(n — 2)¢4 ma eae Ao+---4 Ra} where 


1 
(a) Prove that cos” ¢ = re 


n! 
p, = | le DANG + D/A 
n} 


sd if nis odd 


eae if n is even 
2[(n/2)!] 


(b) Derive a similar result for sin” ¢. 
Let z= 6e7/3, Evaluate |e’|. 


pit+1)”" 
pi-1 
Let P(z) be any polynomial in z with real coefficients. Prove that P(z) = P(2). 


Show that for any real numbers p and m, e7”" aa 


Suppose z}, Z2, and z3 are collinear. Prove that there exist real constants a, 6, y, not all zero, such that az; + 
Bz + yz3 = 0 where a+ B+ y= 0. 


Given the complex number z, represent geometrically (a) Z, (b) —z, (c) 1/z, (d) 2’. 


Consider any two complex numbers z; and zz not equal to zero. Show how to represent graphically using only 
ruler and compass (a) 2122, (b) 21/Z2, (c) 2 +3, @) 21, (&) 23". 


Prove that an equation for a line passing through the points z, and Z) is given by 
arg{(z — z1)/(@2 — Z1)} = 0 

Suppose z = x + iy. Prove that |x| + |y| < V2 |x + iy|. 

Is the converse to Problem 1.51 true? Justify your answer. 

Find an equation for the circle passing through the points 1—i, 2i, 1+. 


Show that the locus of z such that |z — a||z + a] = a’, a > 0 is a lemniscate as shown in Fig. 1-43. 


y y 


yo~_ = » 
—_ ~<a 


Fig. 1-43 Fig. 1-44 


1.142. 


1.143. 


1.144. 


1.145. 


1.146. 


1.147. 


1.148. 


1.149. 


1.150. 


1.151. 


1.152. 


1.153. 


1.154. 


1.155. 
1.156. 


1.157. 
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Let p, = a + b?, n= 1, 2, 3, ... where a, and b, are positive integers. Prove that for every positive integer 
M, we can always find positive integers A and B such that p,p2--- py = A* +B’. [Example: If 5 = 2? + 1? and 
25 = 3° 4+ 4", then 5-25 = 274 1171] 


Prove that: (a) cos 9+ cos(@+ a) +---+cos(0+ na) = —J cos(6 4 


sin}(n + la 
int 


(b) sin@+ sin(@+ a) +---+sin(@+ na) = 
sin; a 


sin(é 4 


Prove that (a) Re{z} > 0 and (b) |z— 1] < |z+1| are equivalent statements. 


A wheel of radius 4 feet [Fig. 1-44] is rotating counterclockwise about an axis through its center at 30 revolu- 
tions per minute. (a) Show that the position and velocity of any point P on the wheel are given, respectively, by 
4e'™ and 4zie’™, where t is the time in seconds measured from the instant when P was on the positive x axis. (b) 
Find the position and velocity when t = 2/3 and t = 15/4. 


Prove that for any integer m > 1, 


m—1 
(<+a)" — (ga) = Amaz | | {? + a cot”(k/2m)} 
k=1 


where te denotes the product of all the factors indicated from k = 1 tom— 1. 


Suppose points P; and P,, represented by z, and z respectively, are such that |z; + Z| = |z) — Zl. 
Prove that (a) z1/Z2 is a pure imaginary number, (b) Z2P;OP2 = 90°. 


Prove that for any integer m > 1, 


7 27 3a (m— 1)7 
+--+ cot =! 


2n 2m 2m 2m 


Prove and generalize: (a) esc”(a/7) + esc?(27/7) + esce?(47/7) = 2 
(b) tan?(a/16) + tan?(377/16) + tan?(5a/16) + tan*(77/16) = 28 


Let masses m, mz, m3 be located at points z), z2, z3, respectively. Prove that the center of mass is given by 


m,Z, + m2Z2 + 373 
my, + m2 + m3 


Generalize to n masses. 
Find the point on the line joining points z, and z) which divides it in the ratio p: q. 
Show that an equation for a circle passing through three points z), Z2, z3 is given by 
f— Z1 i 23 — Z1 Z— 2 if 23 2 
(: = *) 2 = 3) = (: = =) (2 = =) 


Prove that the medians of a triangle with vertices at z), z2, z3 intersect at the point 5(Z1 + 22 + 23). 


Prove that the rational numbers between O and | are countable. 


boi2i3 1 
> 39> 39 39 4> qo 5? 


[Hint. Arrange the numbers as 0. 
Prove that all the real rational numbers are countable. 


Prove that the irrational numbers between 0 and | are not countable. 


Represent graphically the set of values of z for which (a) |z| > |z— 1], (b) |z+ 2] > 1+ |z—-2I. 
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1.158. Show that (a) 3/2 + J/3 and (b) 2 — /2i are algebraic numbers. [See Problem 1.47.] 
1.159. Prove that /2 + /3 is an irrational number. 


1.160. Let ABCD-.--PQ represent a regular polygon of n sides inscribed in a circle of unit radius. Prove that the 
product of the lengths of the diagonals AC, AD, ... , AP is }ncsc?(7/n). 

sinn@ _ 

ind 


n—1 
1.161. Suppose sin@ #0. Prove that (a) ies | [cos 6 — cos(kr/n)} 
k=1 


sin2Qn+)O of, sin? 0 
OF ae = 0n+ 0] Tf aaa 


1.162. Prove cos 2n0 = ( oT! cose 
o i. Vi noe = (—- A 
a cos?(2k — 1)a/4n 


1.163. Suppose the product of two complex numbers z, and z) is real and different from zero. Prove that there exists a 
real number p such that z; = p72». 


1.164. Let z be any point on the circle |z — 1| = 1. Prove that arg(z — 1) = 2argz= Zarg(z* z) and give a geometri- 
cal interpretation. 


1.165. Prove that under suitable restrictions (a) 2”z” = z"*", (b) (z”)" = z™. 
1.166. Prove (a) Re{z;z.} = Re{z,}Re{z2.} — Im{z,}Im{z} 


(b) Im{ziz2} = Re{z }Im{z2} + Im{z }Re{z2}. 


1.167. Find the area of the polygon with vertices at 2+ 3i,3+ i, —2 —4i, —4-—i, -—1+4 21. 


1.168. Let a, a,...,a, and by, b2,...,b, be any complex numbers. Prove Schwarz’s inequality, 


n 2 n n 
So apbk| < (= a (> mi 
k=1 k=1 k=1 


ANSWERS TO SUPPLEMENTARY PROBLEMS 


1.53. (a) —4—i, (b) —17+ 14i, (c) 8 +i, (d) —9+ 7i, (e) 11/17 — (10/17)i, (f) 21 +i, 
(g) —15/2+5i, (h) —11/2 — (23/2)i, (i) 2+i 


1.54. (a) —1—4i, (b) 170, (c) 1024i, (d) 12, (e) 3/5, (f) —1/7, (g) -7+3V3 4+ V3i, 
(h) 765 + 128.73, (i) —35 


1.57. x=1,y=-2 
1.60. x4 + y+ 4 2x*y? — 6x?y — 6y? + 9x? + Oy? 
1.61. (a) 6 — 2i, (b) 3+ 3i, (c) —1 + 12i, (d) 9 — 83, (e) 19/2 + (3/2)i 
1.63. (a) /10, (b) 5/2, (c) 5 + 5i, (d) 15 
1.64. 5,5,8 
1.70. (a) z—~-Q4+)=10 -—3) orx=2+4+t, y=1-—3tor3x+y=7 
(b) z— (5/2 — i/2) = 134+ orx = 3t+5/2, y=t—1/20r3—-3y=4 
1.71. (a) circle, (b) ellipse, (c) hyperbola, (d) z = 1 and x = —3, (e) hyperbola 
1.72. (a) |z+3—4i| =2 or @+3) +(—y— 4)" = 4, (b) |z + 22] + |z — 2i] = 10 
1.73. (a) 1 <|z+i| < 2, (b) Re{z’} > 1, (©) [z+ 3i] > 4, (d) [z+ 2 —3i] +|z- 243i] < 10 


1.81. (a) 2/2 cis 315° or 2./2e7™/*, (b) 2 cis 120° or 22/3, (c) 4 cis 45° or 4e7/4, (d) cis 270° or 27/2, (e) 
4 cis 180° or 4e”, (f) 4 cis 210° or 4e7/°, (g) V2 cis 90° or /2e7/?, (h) V3 cis 300° or /3e°7/3 


1.83. 
1.84. 


1.85. 
1.89. 


1.95. 


1.96. 


1.97. 


1.98. 

1.99. 
1.100. 
1.101. 
1.102. 
1.104. 
1.105. 
1.109. 
1.110. 
1.114. 
1.115. 
1.116. 
1.117. 
1.118. 


1.119. 


1.120. 


1.121. 
1.131. 
1.139. 
1.140. 


1.151 
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(a) 5 exp[i(a + tan! (4/3), (b) 5 exp[ —itan7! 2] 

(a) —3./2 + 3V2i, (b) 12i, (c) 2V2 — 2V2i, (d) —V2 — V2i, (e) —5V3/2 — (5/2)i, 

(f) —3./3/2 — (3/2)i 

375 miles, 23° north of east (approx.) 

(a) 15/2 + (15V3/2)i, (b) 32 — 32/3i, (c) —16 — 16/3, (d) 3.3/2 — 3V3/2)i, 

(e) —/3/2 — (1/2)i 

(a)  2cis 165°, 2 cis 345°; (b).— V2. cis 27°, V2 cis 99°, V2 cis 171°, V2 cis 243°, V2 cis 315°; 
(c) x/4 cis 20°, 3/4 cis 140°, 2/4 cis 260°; (d) 2 cis 67.5°, 2 cis 157.5°, 2 cis 247.5°, 2 cis 337.5°; (e) 

2 cis 0°, 2 cis 60°, 2 cis 120°, 2 cis 180°, 2 cis 240°, 2 cis 300°; (f) cis 60°, cis 180°, cis 300° 


(a) 2 cis 0°, 2 cis 120°, 2 cis 240°; (b) V8 cis 22.5°, /8 cis 202.5°;  (c) 2 cis 48°, 2 cis 120°, 
2 cis 192°, 2 cis 264°, 2 cis 336°; (d) V3 cis 45°, /3 cis 105°, /3 cis 165°, /3 cis 225°, 
J3 cis 285°, /3 cis 345° 


(a) 3 cis 45°, 3 cis 135°, 3 cis 225°, 3 cis 315° 

(b) ¥/2 cis 40°, ¥/2 cis 100°, ¥/2 cis 160°, ¥/2 cis 220°, ¥/2 cis 280°, ¥/2 cis 340° 
(a) 3 —2i, —3 + 2i, (b) J10+ V2i, —/10 — V2i 

142i $-V3+(14+4V3), -4-V34+ (v3 - li 

(a) (—1 + 7i)/5, (b) 1 +i, 1 —2i 

1,1,2,-l1+i 

$(1 + iV3), (-1 + iV3) 

242i, 2-2i 

(a) e2k/4 — e2mik/2 k = 0, 1, 2, 3, (b) 2/7, k =0, 1,...,6 

0;(@ — 1)/(w + 1), (@? — 1)/(@ + 1), (@® — 1)/(@ + 1), (wt — 1)/(w* + 1), where w = e27/5 
(a) 1, (b) 178, (c) 1, (d) 17, (e&) 1, #) 1 

17 

18 

(a) x7 + y* = 16, (b) x7 + y? — 4x +8 =0, (c) x=2, (d) y= 3 

(a) (zg — 3)(Z— 3) = 9, (b) (28 — 3)z+ (21+ 3)Z = 103, (c) 3(° + 2) — 1022+ 25 =0 


(a) Yes. (b) Every point inside or on the boundary of the square is a limit point. (c) No. (d) All points of the 
square are boundary points; there are no interior points. (e) No. (f) No. (g) No. (h) The closure of S is the set of 


all points inside and on the boundary of the square. (i) The complement of S is the set of all points that are not 
equal to a+ bi when a and b [where 0 <<a <1,0<b < 1) are rational. (j) Yes. (k) No. (1) Yes. 


(a) Yes. (b) Every point inside or on the square is a limit point. (c) No. (d) Every point inside is an interior point, 
while every point on the boundary is a boundary point. (e) Yes. (f) Yes. (g) Yes. (h) The closure of S is the set 
of all points inside and on the boundary of the square. (i) The complement of S is the set of all points exterior to 
the square or on its boundary. (j) No. (k) No. (1) Yes. 


(a) Yes. (b) Every point of S is a limit point. (c) Yes. (d) Every point inside the square is an interior point, while 
every point on the boundary is a boundary point. (e) No. (f) Yes. (g) No. (h) S itself. (i) All points exterior to the 
square. (j) No. (k) Yes. (1) Yes. 

(a) {2, 1, -i, i, 1+ i}, (©) (1, 1,-G, © {1, -3 

33 

Yes 


z+ 1) =V50r@+1"+y¥ =5 


» (4z, + p%)/(q +p) 
1.167. 
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Functions, Limits, and 
Continuity 


2.1 Variables and Functions 


A symbol, such as z, which can stand for any one of a set of complex numbers is called a complex variable. 

Suppose, to each value that a complex variable z can assume, there corresponds one or more values of a 
complex variable w. We then say that w is a function of z and write w = f(z) or w = G(z), etc. The variable z 
is sometimes called an independent variable, while w is called a dependent variable. The value of a function 
at z = a is often written f(a). Thus, if f(z) = 2’, then f(2i) = (2i)* = —4. 


2.2 Single and Multiple-Valued Functions 


If only one value of w corresponds to each value of z, we say that w is a single-valued function of z or that 
f(2) is single-valued. If more than one value of w corresponds to each value of z, we say that w is a multiple- 
valued or many-valued function of z. 

A multiple-valued function can be considered as a collection of single-valued functions, each member of 
which is called a branch of the function. It is customary to consider one particular member as a principal 
branch of the multiple-valued function and the value of the function corresponding to this branch as the 
principal value. 


EXAMPLE 2.1 


(a) If w= 2’, then to each value of z there is only one value of w. Hence, w = f(z) = Z isa single-valued 
function of z. 

(b) Ifw? = z, then to each value of z there are two values of w. Hence, w* = z defines a multiple-valued (in this 
case two-valued) function of z. 


Whenever we speak of function, we shall, unless otherwise stated, assume single-valued function. 


2.3 Inverse Functions 


If w=f(z), then we can also consider z as a function, possibly multiple-valued, of w, written 
z= g(w) =f '(w). The function f~! is often called the inverse function corresponding to f. Thus, 
w = f(z) and w = f~!(z) are inverse functions of each other. 
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2.4 Transformations 


If w = u + iv (where u and v are real) is a single-valued function of z = x + iy (where x and y are real), we 
can write u+ iv = f(x + iy). By equating real and imaginary parts, this is seen to be equivalent to 


u=u(x, y), v= v(x, y) (2.1) 


Thus given a point (x, y) in the z plane, such as P in Fig. 2-1, there corresponds a point (u, v) in the w plane, 
say P’ in Fig. 2-2. The set of equations (2.1) [or the equivalent, w = f(z)] is called a transformation. We 
say that point P is mapped or transformed into point P’ by means of the transformation and call P’ the 
image of P. 


EXAMPLE 2.2 If w= 2’, then u+iv=(x+ iy) =x* — y* + 2ixy and the transformation is u = x* — y*, 
v = 2xy. The image of a point (1, 2) in the z plane is the point (—3, 4) in the w plane. 


y ) 
z plane Pp’ w plane 
ne : o 
P 
x u 
Fig. 2-4 Fig. 2-2 


In general, under a transformation, a set of points such as those on curve PQ of Fig. 2-1 is mapped into a 
corresponding set of points, called the image, such as those on curve P’Q’ in Fig. 2-2. The particular charac- 
teristics of the image depend of course on the type of function f(z), which is sometimes called a mapping 
function. If f(z) is multiple-valued, a point (or curve) in the z plane is mapped in general into more than one 
point (or curve) in the w plane. 


2.5 Curvilinear Coordinates 


Given the transformation w = f(z) or, equivalently, vu = u(x, y), v = v(x, y), we call (x, y) the rectangular 
coordinates corresponding to a point P in the z plane and (u, v) the curvilinear coordinates of P. 


z plane w plane 
y D=Co v 


Fig. 2-3 Fig. 2-4 
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The curves u(x, y) = cy, V(X, y) = c2, where c; and c2 are constants, are called coordinate curves [see 
Fig. 2-3] and each pair of these curves intersects in a point. These curves map into mutually orthogonal 
lines in the w plane [see Fig. 2-4]. 


2.6 The Elementary Functions 


1. Polynomial Functions are defined by 


W = aoe” tay! +++ + an1Z+ an = P(2) (2.2) 


where ay #0, a, ..., G, are complex constants and n is a positive integer called the degree of 
the polynomial P(z). 
The transformation w = az+ b is called a linear transformation. 
2. Rational Algebraic Functions are defined by 


oat P(z) 

Q(z) 

where P(z) and Q(z) are polynomials. We sometimes call (2.3) a rational transformation. The 
special case w = (az+ b)/(cz +d) where ad — bc #0 is often called a bilinear or fractional 


linear transformation. 
3. Exponential Functions are defined by 


(2.3) 


w= =e = e(cosy+isiny) (2.4) 
where e is the natural base of logarithms. If a is real and positive, we define 
eae (2.5) 


where In a is the natural logarithm of a. This reduces to (4) if a = e. 
Complex exponential functions have properties similar to those of real exponential functions. 
For example, e*' - e? = e717, e*! /e? = e~*, 
4. Trigonometric Functions. We define the trigonometric or circular functions sin z, cos z, etc., in 
terms of exponential functions as follows: 


ez =i ek ek of eT 
sin Zz = ————— cos Z = ———— 
2” 2 
2 1 2i 
sec Z = ——_ = 5 Cc —— re 
cosz e&+e% sing e%’—e% 
sin Z ee —e cosz i(e*~+e ") 
tanz = — ee —, cotz=—=— - 
cosz  i(e% + e—”) sin z e% — ek 


Many of the properties familiar in the case of real trigonometric functions also hold for the 
complex trigonometric functions. For example, we have: 
sin? z+ cos? z = 1, 1 + tan z = sec? z, 1 + cot? z = esc? z 
sin(—z) = —sinz, cos(—z) = cos z, tan(—z) = —tanz 
sin(z, + Z2) = sin z1 COS Z2 + COS Z; SiN Z2 
cos(z; + Z2) = COS Z; COS Z2 + SiN Z] SiN Z 
tan z; + tan Z2 


tan(z) + 22) = ——_____ 
(1 £2) 1 + tan z, tan Zz, 
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Hyperbolic Functions are defined as follows: 


; e—e% ee Bi ee 
sinh z = ———— cosh z = 
Qo 2 
1 2 1 2 

sechz = = , cschz = — — 

coshz e+e% sinhz e—e~ 

sinhz e—e* coshz e+e * 
tanh z = — cothz = = 


coshz e+e%’ sinhz e—e~ 


The following properties hold: 


cosh? z — sinh? z = 1, 1 — tanh? z = sech? z, coth? z — 1 = csch? z 
sinh(—z) = —sinh z, cosh(—z) = cosh z, tanh(—z) = —tanhz 
sinh(z; + z») = sinh z; cosh z) + cosh z, sinh zy 
cosh(z; + 22) = cosh z; cosh z) + sinh z; sinh z2 


tanh z; + tanh z» 
1 + tanh z, tanh zz 


tanh(z; + z2) = 


The following relations exist between the trigonometric or circular functions and the hyperbolic 
functions: 


sin iz = isinhz, cos iz = cosh z, taniz = itanhz 


sinh iz = isinz, cosh iz = cos z, tanhiz = itanz 


Logarithmic Functions. If z = e”, then we write w = Inz, called the natural logarithm of z. Thus 
the natural logarithmic function is the inverse of the exponential function and can be defined by 


w=Inz=Inr+i(0+2k7), k=O, +1, +2,... 
where z = re’? = re®+?k™_ Note that In z is a multiple-valued (in this case, infinitely-many- 
valued) function. The principal-value or principal branch of \n z is sometimes defined as 
In r+i0 where 0 < 06< 27. However, any other interval of length 27 can be used, e.g., 
—7 << 0< 7, etc. 
The logarithmic function can be defined for real bases other than e. Thus, if z = a”, then 
w = log, z where a > 0 anda 40, 1. In this case, z = e”!24 and so, w = (Inz)/(Ina). 


Inverse Trigonometric Functions. If z = sinw, then w = sin”! z is called the inverse sine of z 
or arc sine of z. Similarly, we define other inverse trigonometric or circular functions cos™! z, 
tan! z, etc. These functions, which are multiple-valued, can be expressed in terms of natural 
logarithms as follows. In all cases, we omit an additive constant 2k7i, k =O, +1, +2,..., in 
the logarithm: 


1 1 pt /2—] 
sin’! 2 = —In(ic + 1-2), eset z= (+ f 

i i z 

1 1 1l+VJ1-2 
cos! z= =In(z+ ze 1), seco! z= n( ze af 

i i Zz 


“4, 1 1+ iz = 1 zti 
tan~* z= —lIn —}, cot 'z=—lIn - 
21 1—iz 2i z-i 
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8. Inverse Hyperbolic Functions. If z = sinh w, then w = sinh™! z is called the inverse hyperbolic 
sine of z. Similarly, we define other inverse hyperbolic functions cosh”! z, tanh7! z, etc. These 
functions, which are multiple-valued, can be expressed in terms of natural logarithms as 
follows. In all cases, we omit an additive constant 2kmi, k = 0, +1, +2,..., in the logarithm: 


l+VJV24+1 
sinh”! z= In(z tV¥24 fi); esch7!z = n( YET) 
Z 


l+vVJ1-2 
cosh"! z= In(z+ 2-1), ae ee) 
Zz 
_ 1 1+2z = 1, /z+l 
tanh! z=-=1 th-'z = =1 
anh z sin(7*2), co Zz in(2=) 


9. The Function z*, where a may be complex, is defined as e“!*. Similarly, if f(z) and g(z) are two 
given functions of z, we can define f(z)® = e8@!"/®, In general, such functions are multiple- 
valued. 

10. Algebraic and Transcendental Functions. If w is a solution of the polynomial equation 


Po(z)w" + Pi(gw! + --- + Ph_1()w + Pr(z) = 0 (2.6) 


where Py £0, Pi(z), ..-, Pn(z) are polynomials in z and 7 is a positive integer, then w = f(z) is 
called an algebraic function of z. 


EXAMPLE 2.3. w = z!/? is a solution of the equation w* — z = 0 and so is an algebraic function of z. 


Any function that cannot be expressed as a solution of (6) is called a transcendental function. The 
logarithmic, trigonometric, and hyperbolic functions and their corresponding inverses are examples of 
transcendental functions. 

The functions considered in 1—9 above, together with functions derived from them by a finite number of 
operations involving addition, subtraction, multiplication, division and roots are called elementary 
functions. 


2.7 Branch Points and Branch Lines 


Suppose that we are given the function w = z'/*. Suppose z plane 


further that we allow z to make a complete circuit (counter- 
clockwise) around the origin starting from point A [Fig. 2-5]. 
We have z= re'?, w=./re'%? so that at A, 9= 6, and 
w= /re'"/?, After a complete circuit back to A, 
6=04+27 and w= JrelOt?m/? — _, /re'/?_ Thus, we 
have not achieved the same value of w with which we 
started. However, by making a second complete circuit 
back to A, ie, 0= 0, +47, w= JSreOt4m/? — | /relh/? 
and we then do obtain the same value of w with which we Fig. 2-5 
started. 

We can describe the above by stating that if 0 < 9 < 27, we are on one branch of the multiple-valued 
function z!/*, while if 277 < @ < 47, we are on the other branch of the function. 

It is clear that each branch of the function is single-valued. In order to keep the function single-valued, 
we set up an artificial barrier such as OB where B is at infinity [although any other line from O can be used], 
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which we agree not to cross. This barrier [drawn heavy in the figure] is called a branch line or branch cut, 
and point O is called a branch point. It should be noted that a circuit around any point other than z = 0 does 
not lead to different values; thus, z = 0 is the only finite branch point. 


2.8 Riemann Surfaces 


There is another way to achieve the purpose of the branch line described above. To see this, we imagine that 
the z plane consists of two sheets superimposed on each other. We now cut the sheets along OB and imagine 
that the lower edge of the bottom sheet is joined to the upper edge of the top sheet. Then, starting in the 
bottom sheet and making one complete circuit about O, we arrive in the top sheet. We must now 
imagine the other cut edges joined together so that, by continuing the circuit, we go from the top sheet 
back to the bottom sheet. 

The collection of two sheets is called a Riemann surface corresponding to the function z!/*. Each sheet 
corresponds to a branch of the function and on each sheet the function is single-valued. 

The concept of Riemann surfaces has the advantage that the various values of multiple-valued functions 
are obtained in a continuous fashion. 

The ideas are easily extended. For example, for the function z 
In z, the Riemann surface has infinitely many sheets. 


'73 the Riemann surface has 3 sheets; for 


2.9 Limits 


Let f(z) be defined and single-valued in a neighborhood of z = zo with the possible exception of z = 2g itself 
(i.e., in a deleted 6 neighborhood of zo). We say that the number / is the limit of f(z) as z approaches Zo 
and write lim,,,, f(z) =/ if for any positive number € (however small), we can find some positive 
number 6 (usually depending on e€) such that | f(z) — /| < € whenever 0 < |z— z| < 6. 

In such a case, we also say that f(z) approaches / as z approaches zo and write f(z) > 1 as z > zo. The 
limit must be independent of the manner in which z approaches Zo. 

Geometrically, if z) is a point in the complex plane, then lim,,., f(z) = / if the difference in absolute 
value between f(z) and / can be made as small as we wish by choosing points z sufficiently close to zo 
(excluding z = Zp itself). 


EXAMPLE 2.4 Let 


| 3s 


0 z=i 
Then, as z gets closer to i (i.e., z approaches i), f(z) gets closer to i? = —1. We thus suspect that 
lim,_,; f(z) = —1. To prove this, we must see whether the above definition of limit is satisfied. For this proof, see 


Problem 2.23. 
Note that lim,_,; f(z) Af@, i.e., the limit of f(z) as z — iis not the same as the value of f(z) at z = i, since 
f@ = 0 by definition. The limit would, in fact, be —1 even if f(z) were not defined at z = i. 


When the limit of a function exists, it is unique, i.e., it is the only one (see Problem 2.26). If f(z) is 
multiple-valued, the limit as z — z ) may depend on the particular branch. 


2.10 Theorems on Limits 


THEOREM 2.1. Suppose lim,-,,, f(z) = A and lim,_,,, g(z) = B. Then 


1 lim, alf@+ eo} = lim, +, f@ + litzsy g@) = A+B 
2. limz+z{ f(z) — g(z)} = limz.z, f(z) — limz.,, gz) =A — B 
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3. lim, ..,{f(2g(@)} = {lim,..., f (2)} {Tim 9, & (2)} = AB 


4 tim — mew f@ _A 


=— =—if B40 
zw gz) lim, g(z) B 


2.11 Infinity 


By means of the transformation w = 1/z, the point z = 0 (i.e., the origin) is mapped into w = oo, called the 
point at infinity in the w plane. Similarly, we denote by z = ©, the point at infinity in the z plane. To con- 
sider the behavior of f(z) at z = ©, it suffices to let z = 1/w and examine the behavior of f(1/w) at w = 0. 
We say that lim,... f(z) = / or f(z) approaches / as z approaches infinity, if for any € > 0, we can find 
M > 0 such that | f(z) — /| < € whenever |z| > M. 
We say that lim,_,,, f(z) = 0 or f(z) approaches infinity as z approaches Zo, if for any N > 0, we can find 
6 > 0 such that | f(z)| > N whenever 0 < |z — zo| < 6. 


2.12 Continuity 


Let f(z) be defined and single-valued in a neighborhood of z= zp as well as at z= z% (1.e., in a 6 
neighborhood of zo). The function f(z) is said to be continuous at z= zo if lim... f(z) =f (zo). Note 
that this implies three conditions that must be met in order that f(z) be continuous at z = Zp: 


1. lim,,., f(z) = / must exist 
2. f(z) must exist, i.e., f(z) is defined at z 


3. l= fo) 


Equivalently, if f(z) is continuous at z), we can write this in the suggestive form 


lim. si2Sf Gy z). 
Z>% E> 20 
EXAMPLE 2.5 
(a) Suppose 
_\2 z#i 
f@= 0 


Z=1 


Then, lim,,; f(z) = —1. But f(@) = 0. Hence, lim,.; f(z) # f(@ and the function is not continuous at z = i. 


(b) Suppose f(z) = z* for all z. Then lim,_,; f(z) = f(i) = —1 and f(z) is continuous at z = i. 


Points in the z plane where f(z) fails to be continuous are called discontinuities of f(z), and f(z) is said 
to be discontinuous at these points. If lim,,., f(z) exists but is not equal to f(zo), we call zo a removable 
discontinuity since by redefining f(z) to be the same as lim,_,,, f(z), the function becomes continuous. 

Alternative to the above definition of continuity, we can define f(z) as continuous at z = Zp if for any 
€ > 0, we can find 6 > 0 such that | f(z) — f(zo)| < € whenever |z — zo| < 6. Note that this is simply the 
definition of limit with / = f(zo) and removal of the restriction that z ¥ Zo. 

To examine the continuity of f(z) at z= 00, we let z= 1/w and examine the continuity of f(1/w) at 
w=0. 


Continuity in a Region 


A function f(z) is said to be continuous in a region if it is continuous at all points of the region. 
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2.13 Theorems on Continuity 


THEOREM 2.2. Given f(z) and g(z) are continuous at z= z. Then so are the functions f(z) + g(2), 
f@—-— 22), fi@g(z) and f(z)/g(z), the last if g(z)40. Similar results hold for 
continuity in a region. 


THEOREM 2.3. Among the functions continuous in every finite region are (a) all polynomials, (b) e’%, 
(c) sin z and cos z. 


THEOREM 2.4. Suppose w=f(z) is continuous at z= 7% and z=g(¢) is continuous at f= %. 
If z = g(Z), then the function w= f[g(Q)], called a function of a function or 
composite function, is continuous at = %. This is sometimes briefly stated as: 
A continuous function of a continuous function is continuous. 


THEOREM 2.5. Suppose f(z) is continuous in a closed and bounded region. Then it is bounded in the 
region; i.e., there exists a constant M such that | f(z)| < M for all points z of the region. 


THEOREM 2.6. _ If f(z) is continuous in a region, then the real and imaginary parts of f(z) are also 
continuous in the region. 


2.14 Uniform Continuity 


Let f(z) be continuous in a region. Then, by definition at each point zp of the region and for any e > 0, we can 
find 6 > 0 (which will in general depend on both € and the particular point zo) such that | f(z) — f(zo)| < € 
whenever |z — zo| < 6. If we can find 6 depending on € but not on the particular point zp, we say that f(z) is 
uniformly continuous in the region. 

Alternatively, f(z) is uniformly continuous in a region if for any € > 0 we can find 6 > 0 such that 
|f(z1) —f(Z)| < € whenever |z; — z2| < 6 where z, and z are any two points of the region. 


THEOREM 2.7. Let f(z) be continuous in a closed and bounded region. Then it is uniformly continuous 
there. 


2.15 Sequences 


A function of a positive integral variable, designated by f(m) or u,, where n = 1, 2, 3, ..., is called a 
sequence. Thus, a sequence is a set of numbers uw, U2, u3,... in a definite order of arrangement and 
formed according to a definite rule. Each number in the sequence is called a term and u, is called the 
nth term. The sequence uw, uz, U3, ... iS also designated briefly by {u,,}. The sequence is called finite or 
infinite according as there are a finite number of terms or not. Unless otherwise specified, we shall only 
consider infinite sequences. 


EXAMPLE 2.6 

(a) The set of numbers i, i”, i, ..., i! 
Un = i",n=1,2,..., 100 

(b) The set of numbers 1 + i, (1 + i)*/2!, (1+ 07/3!, ... is an infinite sequence; the nth term is given by 
Un = (1+ i)"/n!, n= 1, 2, 3,.... 


is a finite sequence; the nth term is given by 


CHAPTER 2. Functions, Limits, and Continuity 


2.16 Limit of a Sequence 


A number / is called the /imit of an infinite sequence uw, U2, u3, ... if for any positive number e€ we can find 
a positive number N depending on € such that |u, —/| < e for all n > WN. In such case, we write 
limo Uy, = 1. If the limit of a sequence exists, the sequence is called convergent; otherwise it is called 
divergent. A sequence can converge to only one limit, i.e., if a limit exists it is unique. 

A more intuitive but unrigorous way of expressing this concept of limit is to say that a sequence 
uj, U2, U3, ... has a limit / if the successive terms get “closer and closer” to /. This is often used to 
provide a “guess” as to the value of the limit, after which the definition is applied to see if the guess is 
really correct. 


2.17 Theorems on Limits of Sequences 


THEOREM 2.8. Suppose limy_,o0 d, = A and lim, 0b, = B. Then 


1. limy—0o (An + Bn) = Limp 00 Gn + LiMy 0 by = A + B 
limy-s 00 (dy — by) = imy-+ 00 Ay — WMy-+00 by, = A —B 

3. limp+00 (€nbn) = (limp 0 Gn)(liMy— 00 bn) = AB 

An limy+o dn A 


rma (re esa a= apy 
Di aay Wy ean ea 


Further discussion of sequences is given in Chapter 6. 


2.18 Infinite Series 


Let 1, uz, U3, ... be a given sequence. 
Form a new sequence S$, Sz, $3, ... defined by 
Sp=u, Ss=uytiw, S3=uj+iugt+uy3,..., Sy=uy+ug+---+uy 


where S,,, called the nth partial sum, is the sum of the first n terms of the sequence {u,}. 
The sequence S;, Sz, S3, ... is symbolized by 


foe) 


Wy tip tig t= dou 


n=1 


which is called an infinite series. If lim,_,.. S,, = S exists, the series is called convergent and S is its sum; 
otherwise the series is called divergent. A necessary condition that a series converges is limp. Un = 0; 
however, this is not sufficient (see Problems 2.40 and 2.150). 

Further discussion of infinite series is given in Chapter 6. 


SOLVED PROBLEMS 


Functions and Transformations 


2.1. Let w = f(z) = 2. Find the values of w that correspond to (a) z= —2 +i and (b) z= 1 — 3i, and 
show how the correspondence can be represented graphically. 
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Solution 


(a) w=fC2+)=C2+ir =4-414+7? =3-4i 
(bo) w=f(l -3) =(1 — 31? =1- 614+ 97 = -8 - 63 


z plane w plane 


e1-3i P’ 
03-4 


y 


Q 
e -8-6i 
Fig. 2-6 Fig. 2-7 


The point z = —2 + i, represented by point P in the z plane of Fig. 2-6, has the image point w = 3 — 4i 
represented by P’ in the w plane of Fig. 2-7. We say that P is mapped into P’ by means of the mapping function 
or transformation w = 2. Similarly, z = 1 — 3i [point Q of Fig. 2-6] is mapped into w = —8 — 6; [point Q' of 
Fig. 2-7]. To each point in the z plane, there corresponds one and only one point (image) in the w plane, so that 
w is a single-valued function of z. 


2.2. Show that the line joining the points P and Q in the z plane of Problem 2.1 [Fig. 2-6] is mapped by 
w = 2 into curve joining points P’Q’ [Fig. 2-7] and determine the equation of this curve. 


Solution 


Points P and Q have coordinates (—2, 1) and (1, —3). Then, the parametric equations of the line joining these 
points are given by 


aio i 
eS De ee. giao a 
(2) 31 


The equation of the line PQ can be represented by z = 3t — 2 + i(1 — 4t). The curve in the w plane into which 
this line is mapped has the equation 


w=2 ={(3t-2+i(1 —4)P = Gr—2) —( — 4 + 26r— 2) — 40 


=3-—4t-—7P + (—4 + 22t — 24° )i 


Then, since w = u + iv, the parametric equations of the image curve are given by 


u=3—4t—-7P, v=—44+22r— 247 


By assigning various values to the parameter ¢, this curve may be graphed. 


2.3. A point P moves in a counterclockwise direction around a circle in the z plane having center at the 
origin and radius 1. If the mapping function is w = z*, show that when P makes one complete revo- 
lution, the image P’ of P in the w plane makes three complete revolutions in a counterclockwise 
direction on a circle having center at the origin and radius 1. 
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Solution 


Let z = re'®. Then, on the circle |z| = 1 [Fig. 2-8], r = 1 and z= e®. Hence, w = 2? = (e 


103 


(p, &) denote polar coordinates in the w plane, we have w = pe’? = e*° so that p= 1, d = 30. 


z plane 
y 


Fig. 2-8 


w plane 


= e*9, Letting 


Fig. 2-9 


Since p = 1, it follows that the image point P’ moves on a circle in the w plane of radius | and center at the 
origin [Fig. 2-9]. Also, when P moves counterclockwise through an angle 6, P’ moves counterclockwise 
through an angle 36. Thus, when P makes one complete revolution, P’ makes three complete revolutions. 
In terms of vectors, it means that vector O’P’ is rotating three times as fast as vector OP. 


2.4. Suppose c; and c are any real constants. Determine the set of all points in the z plane that map into 
the lines (a) u = c1, (b) v = cp in the w plane by means of the mapping function w = 2’. Illustrate by 
considering the cases cj = 2, 4, —2, —4 and cp = 2, 4, —2, —4. 


Solution 


We havew=u+iv=27=(x4 


iy =x? 


y* + 2ixy so that u = x? — y?, v = 2xy. Then lines u = c; and 


v = Cy in the w plane correspond, respectively, to hyperbolas x? — y? = c, and 2xy = cy in the z plane as 


indicated in Figs. 2-10 and 2-11. 


z plane won 
y acu 
a 
Key 
\ oy, SY, 7 
2 = x RIAL ts 
2xy =-2 a aeee i‘ 
Pe CATS eae 


xy =4 by 
v-y=2 
4 
NAG pa 
-y=-2 


w plane 
a | vDEN + 
I Il I I 
3 3 3 3 
ais Q v=4 
S' v=2 
u 
v=-2 
v=-4 


Fig. 2-11 


2.5. Referring to Problem 2.4, determine: (a) the image of the region in the first quadrant bounded 
by x° —y? = —2, xy = 1, x7 — y? = —4, and xy = 2; (b) the image of the region in the z plane 
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bounded by all the branches of x7 —y? =2,xy=1,x*—y?=—2, and xy=~—1; (c) the 
curvilinear coordinates of that point in the xy plane whose rectangular coordinates are (2, —1). 


Solution 


(a) The region in the z plane is indicated by the shaded portion PORS of Fig. 2-10. This region maps into the 
required image region P’Q’R’S’ shown shaded in Fig. 2-11. It should be noted that curve PORSP is tra- 
versed in a counterclockwise direction and the image curve P’Q’R’S’P’ is also traversed in a counter- 
clockwise direction. 

(b) The region in the z plane is indicated by the shaded portion PTUVWXYZ of Fig. 2-10. This region maps 
into the required image region P’T’U’V’ shown shaded in Fig. 2-11. 

It is of interest to note that when the boundary of the region PTUVWXYZ is traversed only once, the 
boundary of the image region P’T’U'V’ is traversed twice. This is due to the fact that the eight points P 
and W, T and X, U and Y, V and Z of the z plane map into the four points P’ or W’, T’ or X’, U’ or Y’, V’ or 
Z’, respectively. 

However, when the boundary of region PQRS is traversed only once, the boundary of the image region 
is also traversed only once. The difference is due to the fact that in traversing the curve PTUVWXYZP, we 
are encircling the origin z = 0, whereas when we are traversing the curve PORSP, we are not encircling 


the origin. 
(c) u=x2—-y* = (2) —(-1) =3, v = 2xy = 2(2)(—1) = —4. Then the curvilinear coordinates are 
u=3,v=—-4. 


Multiple-Valued Functions 


2.6. Let w = zand suppose that corresponding to the particular value z = z;, we have w = w). (a) If we 
start at the point z; in the z plane [see Fig. 2-12] and make one complete circuit counterclockwise 
around the origin, show that the value of w on returning to z; is w,e?/>. (b) What are the values of 
w on returning to z;, after 2, 3, ... complete circuits around the origin? (c) Discuss parts (a) and (b) 
if the paths do not enclose the origin. 


z plane w plane 
y v 
Cc w, ems 
ral Ww 
% w, ets 7 
wy edHl5 
wy ebtls 
Fig. 2-12 Fig. 2-13 


Solution 


(a) We have z= re”, so that w = 2! = r!5e' > Tf r =r, and 6= 6, then w,; = ry ebl5, 
As @ increases from 6; to 6; + 277, which is what happens when one complete circuit counterclockwise 
around the origin is made, we find 


w= 71 ela t2m/5 = 7/3 gi /5 g2mi/5 = wy erm/5 
(b) After two complete circuits around the origin, we find 
vs ri/5 gia +4m/5 _ ri/5 gift /5 gAmi/5 — wets 
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2.7. 


Similarly, after three and four complete circuits around the origin, we find 


6mi/5 87ri/5 


w=wye and w=wye 


After five complete circuits, the value of w is w;e!97/> = wy, so that the original value of w is obtained 


after five revolutions about the origin. Thereafter, the cycle is repeated [see Fig. 2-13]. 


Another Method. Since w> = z, we have arg z = 5 arg w from which 
Change in arg w = 3(Change in arg Z) 


Then, if arg z increases by 27, 47, 67, 87, 107, ..., arg w increases by 2727/5, 4277/5, 6277/5, 
87/5, 27, ... leading to the same results obtained in (a) and (b). 

(c) Ifthe path does not enclose the origin, then the increase in arg zis zero and so the increase in arg w is also 
zero. In this case, the value of w is w,, regardless of the number of circuits made. 


(a) In the preceding problem, explain why we can consider w as a collection of five single-valued 
functions of z. 

(b) Explain geometrically the relationship between these single-valued functions. 

(c) Show geometrically how we can restrict ourselves to a particular single-valued function. 


Solution 


@ 


(a) Since w> = z = re!® = re\®?k™ where k is an integer, we have 


w = rll elO42kM/5 — 7 lI (cos(@ + 2ka)/5 + isin(@ + 2k)/5} 


and so w is a five-valued function of z, the five values being given by k = 0, 1, 2, 3, 4. 
Equivalently, we can consider w as a collection of five single-valued functions, called branches of the 
multiple-valued function, by properly restricting 6. Thus, for example, we can write 


w = r!9(cos 6/5 + isin 0/5) 


where we take the five possible intervals for 6 given by 0 < 0< 27, 27< 0<47,..., 87 < 0< 107, all 
other such intervals producing repetitions of these. 

The first interval, 0 < 6< 27, is sometimes called the principal range of @ and corresponds to the 
principal branch of the multiple-valued function. 

Other intervals for 6 of length 27 can also be taken; for example, —7 < 0< 7, 7 < 0 < 37, etc., the first 
of these being taken as the principal range. 
(b) We start with the (principal) branch 


w = r'(cos 0/5 + isin 0/5) 


where 0 < 0 < 27. 

After one complete circuit about the origin in the z plane, 6 increases by 27 to give another branch of 
the function. After another complete circuit about the origin, still another branch of the function is 
obtained until all five branches have been found, after which we return to the original (principal) branch. 

Because different values of f(z) are obtained by successively encircling z = 0, we call z = 0a branch 
point. 

(c) We can restrict ourselves to a particular single-valued function, usually the principal branch, by 
insuring that not more than one complete circuit about the branch point is made, i.e., by suitably 
restricting 6. 

In the case of the principal range 0 < 0 < 27, this is accomplished by constructing a cut, indicated by 
OA in Fig. 2-14, called a branch out or branch line, on the positive real axis, the purpose being that we do 
not allow ourselves to cross this cut (if we do cross the cut, another branch of the function is obtained). 

If another interval for @ is chosen, the branch line or cut is taken to be some other line in the z plane 
emanating from the branch point. 
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For some purposes, as we shall see later, it is useful to consider the curve of Fig. 2-15 of which 
Fig. 2-14 is a limiting case. 


z plane z plane 
y HY 
x I G x 
A A 
J 
Fig. 2-14 Fig. 2-15 


The Elementary Functions 
2.8. Prove that (a) e!-e2 =e!t2, (b) le|=e%, (c) t*™= ek =0, +1, +2,.... 


Solution 


(a) By definition e* = e“(cos y + isin y) where z = x + iy. Then, if z} = x; + iy; and z2 = x2 + iy2, 


ée! .e? =e" (cosy, + isiny,) - e(cos yz + isin y2) 
=e"! -e° (cosy, +isiny;)(cos y2 + isin y2) 
=e" {cos(y1 + yo) + ising + y2)} = et"? 
(b) |e*| = |e*(cosy + isin y)| = |e"|| cosy + isiny| =e*-1=e* 


(c) By part (a), 


et ekm — etek — (cos 2ka + isin2km) = & 


This shows that the function e* has period 2k7i. In particular, it has period 277i. 


2.9. Prove: 
(a) sin*z+cos*z=1 (c) sin(z} +z) = sinz cos z2 + cos z sin Zz 
(b) e® = cosz+isinz, e-” =cosz—isinz (d) cos(z; +z) = cosz; cos Zz — sinz, sin zy 


Solution 

elf =e ek ez + ek 

————., cos Zz = ————.. Then 
2i 2 


: a) z a) 
405 2 ee _— ek ek + ek 
(a) sin® z+ COs” z= ( yi ) T ( 5) 


e2iz = 2 eo ez +24 eT ; 
= ‘ | ri = 


(b) e® — e® = Disinz (1) 


By definition, sinz = 


e® +e” = 2cosz (2) 
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Adding (1) and (2): 


Qe =2cosz+2isinz and e” =cosz+isinz 
Subtracting (1) from (2): 


2e% =2cosz—2isinz and e% =cosz-—isinz 


eli tz2) == ete +22) ela . el = eT . ela 
(c)  sin(z) + 22) = ; = - 
) a4 2i 2i 
__ (cos z + isin z1)(cos z2 + isin Z2) — (Cos Z1 isin Zz, )(COS Z) — isin Z2) 
= 2i 


= sin Z] COS Z7 + COS Z; SiN Z> 


ela +22) + eta +22) ela el + ew g eT 

2 = 2 
(cos z; + isin z))(cos Z2 + isin Z2) + (cos z; — isin z,)(COs Z2 — isin Zz) 
= 2 


(d) cos(z; + 22) = 


= COS Z] COS Z) — Sin Z, SIN Z> 


2.10. Prove that the zeros of (a) sinz and (b)cosz are all real and find them. 


Solution 
ek zy eT , ; : J 
(a) Ifsinz= <9, = 0, then e” = e® or 2% = 1 =e" k=0, +1, +2,.... 
i 
Hence, 2iz = 2kmi and z=k7, 1.e.,z=0, +7, +27, +37, ... are the zeros. 
ez +e % . : . i 
(b) Ifcosz= eae = 0, then e@ = —e-* or 2% = —] = PHD § = 0, +1, +2,.... 


Hence, 2iz = (2k + 1)mi and z= (k+ 5), ie. Z= +77/2, +32/2, +57/2, ... are the zeros. 


2.11. Prove that (a) sin(—z) = —sinz, (b) cos(—z) = cosz, (c) tan@z) = —tan z. 
Solution 
; el(-2) — e-(-2 eT — elt em — ek : 
(a) sin(—z) = F = F = oF, ) = —sinz 
i(—z) —i(—z) iz iz iZ -iz 
(b) cos( za=* a = ae = = COS Z 
(c) tan(—z) = isaac as = —tanz, using (a) and (b). 


~ cos(—z) cos z 


Functions of z having the property that f(—z) = —f(z) are called odd functions, while those for which 
f(—z) =f©@ are called even functions. Thus sin z and tan z are odd functions, while cos z is an even 
function. 


2.12. Prove: (a) 1 — tanh’ z = sech’ z 
(b) siniz = isinhz 
(c) cos iz = coshz 
(d) sin(x + iy) = sinxcoshy + icosxsinhy 


Solution 
2 eW% Zz —z 


(a) By definition, coshz = . s , sinhz= e > . Then 


ey) eo) : 7 = 
cosh: — sink? z = (“S*") (—5)-4 Oe Spt Og 


2.13. 


2.14. 
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2 12 
cosh* z — sinh“ z 1 
or 1 — tanh? z = sech? z 


Dividing by cosh? z, = 
coe cosh? z cosh? z 


; eli) — ei) eke eet . 
(b) siniz= = =] = isinhz 


2i 2i 2 
eilia) + eili2d ere +e e+e= 
(c) cosiz= 5) = 5 = 5) = cosh z 


(d) From Problem 2.9(c) and parts (b) and (c), we have 
sin(x + iy) = sinxcosiy + cosx siniy = sinx cosh y + icosx sinh y 


(a) Suppose z=e” where z=r(cos?+isin9) and w=u+iv. Show that u=Inr and 
v= 60+2k7,k=0, +1, +2,... so that w=Inz=Inr-+ i(@+ 2k7). (b) Determine the values 
of In(1 — 7). What is the principal value? 


Solution 


(a) Since z= r(cos 6+ isin 6) = e” = e+” = e“(cosv + isinv), we have on equating real and imaginary 
parts, 


e“ cosv = rcos 0 (1) 
e“sinv =rsin@ (2) 


Squaring (1) and (2) and adding, we find e?“ =r? or e“ =r and u=Inr. Then, from (1) and (2), 


rcosv=rcos 86, rsinv = rsin @ from which v = 6+ 2k7. Hence, w= u+iv = Inr+i(0+ 2k7). 
If z = e”, we say that w = Inz. We thus see that In z = Inr + i(0 + 2k7). An equivalent way of saying 
the same thing is to write Inz = Inr + 16 where 6 can assume infinitely many values which differ by 277. 
Note that formally In z = In(re’*) = Inr + i0 using laws of real logarithms familiar from elementary 
mathematics. 


Bale 1 Tai 
(b) Since 1 —i = V2e77/442k77 we have In(1 — i) = InV2-4 ( 24) =51n24 , L kari. 


4 
ace | Ti ' . 
The principal value is zin 2+ ra obtained by letting k = 0. 


Prove that f(z) = Inz has a branch point at z = 0. 


Solution 


We have Inz=Inr+i6. Suppose that we start at some point z; 40 in the complex plane for which 
r=r,, 0= 6 so that Inz, = Inr, +10; [see Fig. 2-16]. Then, after making one complete circuit about the 
origin in the positive or counterclockwise direction, we find on returning to z,; that r=r,, 0= 6, +27 so 
that In z; = Inr; + i(0; + 277). Thus, we are on another branch of the function, and so z = 0 is a branch point. 


z plane 
y 
a 
Fh OE 


Fig. 2-16 
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2.15. 


Further complete circuits about the origin lead to other branches and (unlike the case of functions such as 
z!/? or z!/), we never return to the same branch. 

It follows that In z is an infinitely many-valued function of z with infinitely many branches. That particular 
branch of In z which is real when z is real and positive is called the principal branch. To obtain this branch, 
we require that @ = 0 when z > 0. To accomplish this, we can take In z = Inr + i0 where @ is chosen so that 
0 < 06< 27 0r -—7 < 0< 77, etc. 

As a generalization, we note that In(z — a) has a branch point at z = a. 


Consider the transformation w = Inz. Show that (a) circles with center at the origin in the z plane 
are mapped into lines parallel to the v axis in the w plane, (b) lines or rays emanating from the origin 
in the z plane are mapped into lines parallel to the u axis in the w plane, (c) the z plane is mapped 
into a strip of width 27 in the w plane. Illustrate the results graphically. 


Solution 


We have w=u+iv=Inz=I1nr+i6@ so that u = Inr, v = 0. 
Choose the principal branch as w = Inr + i@ where 0 < 6 < 277. 


(a) Circles with center at the origin and radius a@ have the equation |z| = r = a. These are mapped into lines 
in the w plane whose equations are u = Ina. In Figs. 2-17 and 2-18, the circles and lines corresponding 
to a= 1/2, 1, 3/2, 2 are indicated. 


w plane 
Vv 
a=n/2 
a=n/3 
a=n1/6 
a=0 u 
=) Q 2 
ll ll iy tl 
ee = Jor 
SS) S) 
Fig. 2-17 Fig. 2-18 


(b) Lines or rays emanating from the origin in the z plane (dashed in Fig. 2-17) have the equation 6 = a. 
These are mapped into lines in the w plane (dashed in Fig. 2-18) whose equations are v = a. We have 
shown the corresponding lines for a = 0, 77/6, 77/3, and 7/2. 

(c) Corresponding to any given point P in the z plane defined by z40 and having polar coordinates (r, 6) 
where 0 < 6< 27, r> 0 [as in Fig. 2-19], there is a point P’ in the strip of width 277 shown shaded 
in Fig. 2-20. Thus, the z plane is mapped into this strip. The point z = 0 is mapped into a point of this 
strip sometimes called the point at infinity. 

If @ is such that 27 < 0 < 47, the z plane is mapped into the strip 27 < v < 4a of Fig. 2-20. 
Similarly, we obtain the other strips shown in Fig. 2-20. 


2.16. 


2.17. 
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It follows that given any point z #0 in the z plane, there are infinitely many image points in the 
w plane corresponding to it. 


z plane w plane 
y vD 
v=4n 
Zz ; On 
r P sal v=2n pn 
eP' 
Fig. 2-19 Fig. 2-20 


It should be noted that if we had taken 6 such that —7 < 0< 7, 7 < 0< 37, etc., the strips of Fig. 2-20 
would be shifted vertically a distance 7. 


Suppose we choose the principal branch of sin~! z to be that one for which sin! 0 = 0. Prove that 


1 
sin’! z= ~In(iz + 1- 2) 
i 


Solution 
el’ ay ew 
If w = sin! z, then z = sinw = <= from which 
i 
e” —2iz—e” =0 or e7” — ize —1=0 
Solving, 


» dizt J4—42 
el’ = HS Een 2a=izt+V1-2 


since +/1 — 2 is implied by //1 — z2. Now, e!” = el” k = 0, £1, +2, ... so that 


; il 
elk) — jiz4 /1—2 or w= 2krt+- In(iz tV/1 z) 
i 


The branch for which w = 0 when z = 0 is obtained by taking k = 0 from which we find, as required, 


1 
w = sin“! 2 =—In(iz tJ] z) 


1 


Suppose we choose the principal branch of tanh! z to be that one for which tanh~' 0 = 0. Prove 


that 
1 1 
tanh7! z= —In acd 
2 1-z 


Solution 


sinhw e”—e-” 


If w = tanh7! z, then z = tanhw from which 


coshw e”+e-” 


d—-ge”"=(1+ze” or ev = (+2z)/d —2z) 
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2W e2w—kai) | we have 


; 1 1 1 
ellw-kai) _ = or w=kai- sn(; *) 


Since e 


The principal branch is the one for which k = 0 and leads to the required result. 


2.18. (a) Suppose z = re’®. Prove that z' = e~(%*4™ {cos(In r) + isin(Inr)} where k = 0, +1, +2, .... 
(b) Suppose z is a point on the unit circle with center at the origin. Prove that z' represents infinitely 
many real numbers and determine the principal value. 
(c) Find the principal value of i’. 


Solution 
(a) By definition, 


i e Inz 


as i{Inr+i(O+2k7)} 


=e 
= el lnr—(O42km) — (42k) (cos(In r) + isin(Inr)} 


The principal branch of the many-valued function f(z) = z! is obtained by taking k = 0 and is given by 
e~ °{cos(Inr) + isin(Inr)} where we can choose 6 such that 0 < @ < 27. 


(b) If zis any point on the unit circle with center at the origin, then |z| = r = 1. Hence, by part (a), since 
Inr = 0, we have z' = e~(+k™) which represents infinitely many real numbers. The principal value 
is e~® where we choose @ such that 0 < 6 < 27. 


(c) By definition, i = e/!! = eftm/2+2km) — e~C/242k™) since i = e(7/2+2k™ and Ini = i(a/2 + 2k7). 
The principal value is given by e~7/?. 
Another Method. By part (b), since z =i lies on the unit circle with center at the origin and since 
6 = 77/2, the principal value is e~7/”. 


Branch Points, Branch Lines, Riemann Surfaces 


2.19. Let w = f(z) = (22 + 1)'”. (a) Show that z = +i are branch points of f(z). (b) Show that a complete 
circuit around both branch points produces no change in the branches of f(z). 


Solution 


(a) We have w = (2 + 1)!? = {(z— (z+ i}'””. Then, arg w = harg(z — i) + darg(z + i) so that 
Change in arg w = }{Change in arg(z — i)} + {Change in arg(z + i)} 


Let C [Fig. 2-21] be a closed curve enclosing the point 7 but not the point —i. Then, as point z goes once 
counterclockwise around C, 


Change in arg(z—i) = 27, Change in arg(z +i) =0 
so that 
Change in arg w = 7 


Hence, w does not return to its original value, i.e., a change in branches has occurred. Since a complete 
circuit about z = i alters the branches of the function, z = i is a branch point. Similarly, if C is a closed 
curve enclosing the point —i but not i, we can show that z = —i is a branch point. 


Another Method. 
Let z—i=ryje, z+i=nme™. Then 
w= {ryprpeX tO) 1/2 — Pepi eibt/2gide/2 


Suppose we start with a particular value of z corresponding to 6,;=a, and 6); =a). Then 
w= J/r7rei™/7e'%/?_ As z goes once counterclockwise around i, 6, increases to a; + 2a while 6, 
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remains the same, i.e., 02 = a. Hence 


w= fren? gial? 


ae Fy rgett/? glee /2 


showing that we do not obtain the original value of w, i.e., a change of branches has occurred, showing 
that z = 7 is a branch point. 


z plane z plane 
y y 
Zz 
Cc 
x x 
Fig. 2-21 Fig. 2-22 


(b) If C encloses both branch points z = +i as in Fig. 2-22, then as point z goes counterclockwise around C, 


Change in arg(z — i) = 27 
Change in arg(z + i) = 27 
so that 


Change in arg w = 277 


Hence a complete circuit around both branch points produces no change in the branches. 


Another Method. 
In this case, referring to the second method of part (a), 0; increases from a, to a; + 27 while 6) increases 
from a to a + 277. Thus 


w= [Fira pela t27)/2 gitar +2m)/2 = [Fira pelt /? eiae/2 
and no change in branch is observed. 
2.20. Determine branch lines for the function of Problem 2.19. 


Solution 
The branch lines can be taken as those indicated with a heavy line in either of Figs. 2-23 or 2-24. In both cases, 


by not crossing these heavy lines, we ensure the single-valuedness of the function. 


z plane z plane 


y y 


| { 


Fig. 2-23 Fig. 2-24 
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2.21. 


2.22 


Limits 


2.23. 


2.24, 


Discuss the Riemann surface for the function of Problem 2.19. 


Solution 


We can have different Riemann surfaces corresponding to Figs. 2-23 or 2-24 of Problem 2.20. Referring to 
Fig. 2-23, for example, we imagine that the z plane consists of two sheets superimposed on each other and 
cut along the branch line. Opposite edges of the cut are then joined, forming the Riemann surface. On 
making one complete circuit around z = 7, we start on one branch and wind up on the other. However, if 
we make one circuit about both z =i and z = —i, we do not change branches at all. This agrees with the 
results of Problem 2.19. 


Discuss the Riemann surface for the function f(z) = Inz [see Problem 2.14]. 


Solution 


In this case, we imagine the z plane to consist of infinitely many sheets superimposed on each other and cut 
along a branch line emanating from the origin z = 0. We then connect each cut edge to the opposite cut edge of 
an adjacent sheet. Then, every time we make a circuit about z = 0, we are on another sheet corresponding 
to a different branch of the function. The collection of sheets is the Riemann surface. In this case, unlike 
Problems 2.6 and 2.7, successive circuits never bring us back to the original branch. 


(a) Suppose f(z) = z’. Prove that lim,.., f(z) = z%. 


2 
(b) Find lim,.., f(2) if f(@) = fF ZH 20 
0 £ = 20 


Solution 
(a) We must show that, given any e€ > 0, we can find 6 (depending in general on e) such that |z? — Bl <e 


whenever 0 < |z— z| < 6. 
If 6 < 1, then 0 < |z— z| < 65 implies that 


|z* — 251 = |z— zollz + 20] < lz — 29 + 2z0| < {Iz — zo] + |2zol} < 8(1 + 2Izol) 


Take 6 as 1 or €/(1 + 2|zo|), whichever is smaller. Then, we have |Z — rad < € whenever |z — zo| < 6, 
and the required result is proved. 

(b) There is no difference between this problem and that in part (a), since in both cases we exclude z = z 
from consideration. Hence, lim,.., f(z) = Be Note that the limit of f(z) as z > Zp has nothing whatso- 
ever to do with the value of f(z) at zo. 


Interpret Problem 2.23 geometrically. 


Solution 


(a) The equation w = f(z) = 2’ defines a transformation or mapping of points of the z plane into points of the 
w plane. In particular, let us suppose that point zp is mapped into wo = Be [See Fig. 2-25 and 2-26.] 


z plane w plane 
y Vv 


Fig. 2-25 Fig. 2-26 
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In Problem 2.23(a), we prove that given any € > 0 we can find 6 > 0 such that |w — wo| < € whenever 

|z — Z| < 6. Geometrically, this means that if we wish w to be inside a circle of radius € [see Fig. 2-26] 

we must choose 6 (depending on e) so that z lies inside a circle of radius 6 [see Fig. 2-25]. According to 

Problem 2.23(a), this is certainly accomplished if 6 is the smaller of 1 and €/(1 + 2|zo]). 

(b) In Problem 2.23(a), w = wo = B is the image of z = z. However, in Problem 2.23(b), w = 0 is the image 
of z = z. Except for this, the geometric interpretation is identical with that given in part (a). 


34 — 223 + 822 — 22 +5 
$55" Bevethatin ee 


ZI z-1 


Solution 
We must show that for any e > 0, we can find 6 > 0 such that 


3zt — 223 + 82? — 2745 
z-i 


(4+ 41)| <eé when 0 < |z—i| <6 


Since z4i, we can write 
324-23 482-2745 Be—-(2-3)2+ (5 —2iz+4+ dillz—i] 
Z—-i z-i 
= 37 —(2-3)2 + (5 —2i)z+5i 


on cancelling the common factor z— i 40. 
Then, we must show that for any e€ > 0, we can find 6 > 0 such that 


1323 — (2-3/2 + (5 —2i)z-4+i]<e when0<|z-i| <6 


If 6 < 1, then 0 < |z—i| < 6 implies 


1328 — (2-3/2 +(5 — 22-4 +i] = |z—i[[32? + (i — 2)z— 1 — 4: 


= |z—- i133 -—i+ iP + Gi-2@-i+i)—- 1-4: 


= |z— il|3(z — i) + (12i — 2)(z — i) — 10 — 61 


< 6{3|z — il? + 12% — 2||z — i] + |—10 — 6i]} 
< 6&3 + 13 + 12) = 286 


Taking 6 as the smaller of 1 and €/28, the required result follows. 


Theorems on Limits 


2.26. Suppose lim,_,,, f(z) exists. Prove that it must be unique. 


Solution 
We must show that if lim,,., f(z) = 1, and lim,,., f(z) = hb, then J; = h. 
By hypothesis, given any € > 0, we can find 6 > 0 such that 


Lf(2) — | < €/2. when 0 < |z—z| < 8 
[f(2) — b| < €/2. when 0 < |z—z| < 8 


Then 


lh — bl =lh -fO+fO— bl s lh —FOM+IF@ — hl < €/2+ €/2 =€ 


i.e., [lj — l)| is less than any positive number e€ (however small) and so must be zero. Thus /; = Jy. 
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2.27. Suppose lim,,., g(z) = B #0. Prove that there exists 5 > 0 such that 
lg(z)| > 51B| for 0 < |z—z| < 6 
Solution 
Since lim,_,,, g(z) = B, we can find 6 such that |g(z) — B| < 5|B| for 0 < |z—z| < 6. 
Writing B = B — g(z) + g(z), we have 


IB] < |B — g@| + |g@I < 181 + lg@! 
|B| < 5|B| + |g(2)| from which |g(z)| > 5|BI 


2.28. Given lim,,., f(z) = A and lim,_,,, 9(z) = B, prove that 
(a) lim,_, zy [f() +g] =A+ B, (c) lim, z, 1/g(z) = 1/B if BAO, 
(b) lim,_,,, f(2g(z) = AB, (d) lim,_,,, f(z)/g(z) = A/B if B40. 


Solution 


(a) We must show that for any € > 0, we can find 6 > 0 such that 


If@ + g(2]-A+B)|<e when 0 < |z—z| <6 
We have 


ILf() + g(z)] — (A + B)| = ILF@) — Al + [g@) — Bl < If) — Al + Ig@) — Bl 
By hypothesis, given € > 0 we can find 6; > 0 and 62 > 0 such that 


f(z) — A| < €/2 when 0 < |z— z| < 6; 
|g(z) — B| < €/2. when 0 < |z—z| < & 


Then, from (1), (2), and (3), 
LF @ +g] — (A+ B)| < €/24+€/2=€ when0< |z—wl <5 


where 6 is chosen as the smaller of 6; and 65. 
(b) We have 


If@g) — AB] = |f@{s@ — B} + BIF@ — A} S |f@lls@ — Bl + |BILF@ — Al 
S lf@llg@ — Bl + (Bl + DIF@ — Al 


() 


(2) 
(3) 


(4) 


Since lim,,., f(z) =A, we can find 6; such that | f(z) -—A| <1 for 0 < |z— | < 6). Hence, by 


inequalities 4, page 3, Section 1.5. 
F@-Al>IF@I—IAlL te, 12 1F@I—IAl or [f@l s |Al+1 


i.e., | f(z)| < P where P is a positive constant. 


Since lim,,,, 9(z) = B, given €>0, we can find 6 >0 such that |g(z)— B| < €/2P for 


0 <|z— Z| < &. 


Since lim,,,, f(z) =A, given € > 0, we can find 63; > 0 such that | f(z) — A] < €/2(|B| + 1) for 


0 < |z—z| < 63. 
Using these in (4), we have 


€ 
=e 
2(|B| + 1) 


for 0 < |z— zo| < 6 where 6 is the smaller of 6), 62, 63, and the proof is complete. 


€ 
If@)g@) — AB] < P=, + (\BI + I) 
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(c) We must show that, for any e€ > 0, we can find 6 > 0 such that 


|S 7 lg(z) — BI 
gz) Bl IBIIg@I 


By hypothesis, given any € > 0, we can find 6; > 0 such that 


when 0 < |z— z| <6 (5) 


Ig(z) — B| <5|Bl’'e when 0 < |z — z| < 5 
By Problem 2.27, since lim,_,,, g(z) = B40, we can find 6; > 0 such that 
\g(z)| > 1B] when 0 < |z—z| < & 


Then, if 6 is the smaller of 6, and 6), we can write 


1 1 —B BI? 
| Is@ le nel e€ whenever 0 < |z— z| <6 


gz) Bl |Bilg@| [BI -41B| 


and the required result is proved. 
(d) From parts (b) and (c), 


tim 219 = tim | le ~ y} = Him tim C5 = 4-5 = 5 
rng) ral” gol wn” ag BB 


This can also be proved directly [see Problem 2.145]. 


Note. In the proof of (a), we have used the results | f(z) — A| < €/2 and |g(z) — B| < €/2, so that the final 
result would come out to be | f(z) + g(z) — (A+ B)| < e. Of course, the proof would be just as valid if we had 
used 2e [or any other positive multiple of €] in place of €. Similar remarks hold for the proofs of (b), (c), 
and (d). 


2.29. Evaluate each of the following using theorems on limits: 


. — 224+3)z-1 ; o+8 
(gh pcan Ace pines Sees 
(a) Tim, 14i(@* —5z+10) (b) lim, Dard (c) en ae ee 1G 
Solution 


(a) lim, 14: (2 ~. 5z + 10) = lim... 14; ra + lim,_, +i (—5z) + lim,_, 14; 10 
= dimz.14; 2im,14; z) + dim,+14; —5)(lim,14; z) + lim, .14; 10 
=(14+0)04+)-514+)+10=5—-3i 


In practice, the intermediate steps are omitted. 


) tim (22+ 3\e— 1) _ lim, 2 Qc + 3) im, @— 1) _ B= 4(-2I-) _ 
pt 2—Iz+4 lim,., 3; (2 — 22 + 4) - Ai ~ 2° 4 


(c) In this case, the limits of the numerator and denominator are each zero and the theorems on limits fail 
to apply. However, by obtaining the factors of the polynomials, we see that 


; 2 a 8 ; (z ne Nz _ 2e™)(z as 2e°7/3) 
lim = lm : - - - 
zo 26e7/3 al f 472 } 16 z>267/3 (z 2e™/3)\(z = 2e27/3)(z =_ 2etm/3)(z mont 2657/3) 
= lim Ga 2) = aa 
~~ e203 (Z — 26271/3)(z = 2e47/3) 2 2(e7/3 = 27/3) (ei/3 = e4mi/3) 
_3_ v3, 
8 8 


Another Method. Since 2 — 64 = (2? — 4)(z4 + 42 + 16), the problem is equivalent to finding 


— (2-4) +8) — 2-4 3-1 3. 3, 
lim ——————- = _ lim = : — Ll 
z—>2em/3 25 — 64 zo2607/3 3 — 8 2(e™ — 1) 8 8 
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2.30. 


Prove that lim,_,9 (z/z) does not exist. 


Solution 


If the limit is to exist, it must be independent of the manner in which z approaches the point 0. 
Let z — O along the x axis. Then y = 0, and z= x+ iy =x and z =x — iy = x, so that the required limit is 


Let z — 0 along the y axis. Then x = 0, and z=x+ iy = iy and z= x — iy = —iy, so that the required 
limit is 


Since the two approaches do not give the same answer, the limit does not exist. 


Continuity 


2.31. 


2.32. 


2.33. 


2.34. 


(a) Prove that f(z) = z? is continuous at z = zp. 
Zw 2A gol 
(b) Prove that f(z) = 0 , where zp) # 0, is discontinuous at z = Zo. 
ae at 
Solution 
(a) By Problem 2.23(a), limz.,, f(z) =f(zo) = % and so f(z) is continuous at z = zp. 


Another Method. We must show that given any € > 0, we can find 6 > 0 (depending on e) such that 
|f(2) —f(Z0)| = |2 — z| < € when |z — zo| < 6. The proof patterns that given in Problem 2.23(a). 


(b) By Problem 2.23(b), lim,.., f(z) = z, but f(zo) = 0. Hence, lim,.., f(z) 4 f(z) and so f(z) is discon- 
tinuous at z = Zo if 7 #0. 
If zo = 0, then f(z) = 0; and since lim,_,,, f(z) = 0 = f(0), we see that the function is continuous. 


3zt — 273 + 82? — 2245 
Is the function f(z) = z = & ee continuous at z = i? 
zi 


Solution 


Ff(@ does not exist, i.e., f(x) is not defined at z = i. Thus f(z) is not continuous at z = i. 
By redefining f(z) so that f(a) = lim,_,; f(z) = 4 + 4i (see Problem 2.25), it becomes continuous at z = i. In 
such a case, we call z =i a removable discontinuity. 


Prove that if f(z) and g(z) are continuous at z = Zo, so also are 


(a) fo+s@, (6) f@s@, © = if (Zo) #0 


Solution 


These results follow at once from Problem 2.28 by taking A = f(z), B = g(zo) and rewriting 0 < |z— z| < 6 
as |z — zo| < 6, ie., including z = Zz. 


Prove that f(z) = 2’ is continuous in the region |z| < 1. 


Solution 


Let zp be any point in the region |z| < 1. By Problem 2.23(a), f(z) is continuous at zo. Thus, f(z) is continuous 
in the region since it is continuous at any point of the region. 
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2.35. For what values of z are each of the following functions continuous? 


Solution 


(a) f(z) =2z/ (?+1)= z/(z — (z+ i). Since the denominator is zero when z = +i, the function is continu- 
ous everywhere except z = +1. 

(b) f(z) = cscz = 1/sinz. By Problem 2.10(a), sin z = 0 for z = 0, 
everywhere except at these points. 


m7, +27, .... Hence, f(z) is continuous 


Uniform Continuity 
2.36. Prove that f(z) = 2? is uniformly continuous in the region |z| < 1. 


Solution 


We must show that given any € > 0, we can find 5 > 0 such that |z? — Zz < e€ when |z — zp| < 6, where 6 
depends only on € and not on the particular point zo of the region. 
If z and zp are any points in |z| < 1, then 


2 


2 
Iz" — z| = lz + zollz — 201 S {lzl + lzol}lz — 201 < 2|z — zol 


Thus, if |z—zo| < 6, it follows that |z* — z5| < 28. Choosing 6= €/2, we see that |z* — z3| < € when 
|z — Zo| < 5, where 6 depends only on € and not on zp. Hence, f(z) = z? is uniformly continuous in the region. 


2.37. Prove that f(z) = 1/z is not uniformly continuous in the region |z| < 1. 


Solution 


Method 1. 
Suppose that f(z) is uniformly continuous in the region. Then, for any e > 0, we should be able to find 6, 
say between 0 and 1, such that | f(z) — f(zo)| < € when |z — zo| < 6 for all z and Zo in the region. 


Let 2 = 8 and 2g = 7 Then |e gl = c _ =17;°< 8. 
However, | = : PTE aS 6 inte) eS ay 
20 5 6 6 
Thus, we have a contradiction, and it follows that f(z) = 1/z cannot be uniformly continuous in the region. 
Method 2. 
Let z and zp) + ¢ be any two points of the region such that |z + £ — z| = |¢| = 6. Then 


| - Id 5 
zo zt} lzollzeo+4 — Izollzo + 2 


If(Zo) — flo + 2) = 


can be made larger than any positive number by choosing Zo sufficiently close to 0. Hence, the function cannot 
be uniformly continuous in the region. 


Sequences and Series 


2.38. Investigate the convergence of the sequences 


i” Lay 
(a) up =—,n=1,2,3,..., (b) pore. 
n n 
Solution 
(a) The first few t f th a er ee ee On plotting th 
a e first few terms O e sequence are 5 Se Sp CLC, ‘OF —-=, =, =, 2,.... UN plottin e 
q ba? 3? 4? 5” > 1, 2° 3° 4° 5° Pp 4 


corresponding points in the z plane, we suspect that the limit is zero. To prove this, we must show that 


|Un — 1] = |i"/n-—O| <e€ whenn>N (1) 
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2.39. 


2.40. 


2.41. 


Now 


ji" /n — O| = [i"/n| = |i"/n =1/n<e€ whenn> I/e 
Let us choose N = 1/e. Then we see that (1) is true, and so the sequence converges to zero. 


(b) Consider 


Unai| (A +)"*Va+ 1) "nag nJ/2 
| — | l= 
Un (1+i)"/n n+1 n+1 


For all n > 10 (for example), we have nV2/(n +1) > 6/5 = 1.2. Thus |up4i| > 1.2|u,| forn > 10, ie., 
Jui1| > 1.2|urol, luz] > 1.2|ur1| > (1.2)? |u10], and in general |_| > (1.2)"7!°|uio]. It follows that |un| 
can be made larger than any preassigned positive number (no matter how large) and thus the limit of 
|u,| cannot exist, and consequently the limit of u, cannot exist. Thus, the sequence diverges. 


Given lim, @, =A and lim,_,.0b, = B. Prove that limy_, 0 (@, + b,) =A+B. 


Solution 


By definition, given € we can find N such that 
lan — A| < €/2, |b, — B| < €/2 forn > N 


Then for n > N, 


(dn + bn) — (A + B)| = |(Gn — A) + (bn — B)| S lan — Al + bn — BI < € 


which proves the result. 
It is seen that this parallels the proof for limits of functions [Problem 2.28]. 


Prove that if a series uw; + u2 + u3 +--- is to converge, we must have limy.oo u, = 0. 


Solution 


If S,, is the sum of the first m terms of the series, then $,41 = S, + un. Hence, if limy—.oo S$, exists and equals S, 
we have limy-s0o S41 = liMy+soo Sp + liMy soo Un OF S = S + liMy +00 Un, 1-€., LiMy—+ 00 Un = O. 


Conversely, however, if limp-.oo u, = 0, the series may or may not converge. See Problem 2.150. 


Prove that 1 +z+2+2+---=1/1—2 if |z| <1. 

Solution 

Let S,n=l+tzt2t---¢21 

Then Wye ot tee teraz 
1-2” 


Subtracting, d-2S8,=1-2" or S,= 


If |z| < 1, then we suspect that lim,_,.. z” = 0. To prove this, we must show that given any e > 0, we can find 
N such that |z” — 0| < e for all n > N. The result is certainly true if z = 0; hence, we can consider z40. 

Now |z"| = |z|" < e when nIn|z| < Ineorn > (ne)/(n|z|) = N [since if |z| < 1, In|z| is negative]. We 
have therefore found the required N and limy_,.. z” = 0. Thus 


1-2” 1-0 1 
l+z2+274+.---= lim S, = li = = 
og esas ces | Z 1 Z 1 Z 
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The series 


is called a geometric series with first term equal to a and ratio z, and its sum is a/(1 — z) provided |z| < 1. 

Miscellaneous Problems 
2.42. Let w= (22 +1)'. (a) If w= 1 when z = 0, and z describes the curve C, shown in Fig. 2-27, 
find the value of w when z= 1. (b) If z describes the curve Cy shown in Fig. 2-28, is the value 


of w, when z = 1, the same as that obtained in (a)? 


Solution 


(a) The branch points of w = f(z) = (2 + 1)!” = {((<— (z+ i} are at z = +i by Problem 2.19. 


Fig. 2-27 Fig. 2-28 


Let(1)z-i= rye, Q)zti= roe’. Then, since 6; and 6) are determined only within integer multiples 
of 277i, we can write 


w= Sr reel +62)/2p2kmi/2 pe gil +62)/2 oki (3) 


Referring to Fig. 2-27 [or by using the equations (1) and (2)], we see that when z is at 0, 7; = 1, 6; = 3277/2, 
and ry = 1, 6 = w/2. Since w=1 at z=0, we have from (3), 1 =e*+!)™ and we choose k= —1 
for 1, —3, ...]. Then 


w= —./Fih ell + 62)/2 


As z traverses C, from 0 to 1, r; changes from 1 to /2, 6, changes from 37/2 to —77/4, ro changes from 1 
to /2, 6 changes from 7/2 to 7/4. Then 


w= - (V2)(/2) el /4+0/4)/2 — —/2 


(b) As in part (a), w = —./rrme"91+®)/?, Referring to Fig. 2-28, we see that as z traverses Cy, r, changes 
from 1 to V2, 0 changes from 37/2 to 77/4, r2 changes from | to V2 and changes from 77/2 to 


a/4. Then 
w= [(/2)(/2) eli a/4+a/4)/2 _— 2/9) 


which is not the same as the value obtained in (a). 
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2.43. Let /1 — 2? = 1 for z = 0. Show that as z varies from 0 to p > 1 along the real axis, 1 — 2? varies 


from | to —i,/p* — 1. 


y 
ze 
4 ~ 
/ r \ 
a \ 
A BI f \E Fx 
> e 
d P 
Fig. 2-29 


Solution 


Consider the case where z travels along path ABDEF, where BDE is a semi-circle as shown in Fig. 2-29. From 
this figure, we have 


1—z=1-—x-—iy=rcos 6—irsin@ 


so that /1 — 2 = /(1—2)(1 +2) = Vr(cos 6/2 — isin 0/2)V/2 — rcos 6+ irsin 0 


Along AB: z=x, r=1—x, 0=Oand V1— 2 = V1 —xJ/1tx=V1—-2%. 
Along EF: z= x, r=x—1, 0= mand V1 — 2 = —iVx— 1V/x 4+ 1 = —iV x? — 1. 
Hence, as z varies from 0 [where x = 0] to p [where x = p], V1 — 22 varies from 1 to —i,/p? — 1. 


2.44, Find a mapping function which maps the points z= 0, +i, +2i, +3i, ... of the z plane into the 
point w = | of the w plane [see Figs. 2-30 and 2-31]. 


z plane w plane 
y Vv 
319 


Fig. 2-30 Fig. 2-31 


Solution 


Since the points in the z plane are equally spaced, we are led, because of Problem 2.15, to consider a logar- 
ithmic function of the type z = Inw. 


Now, if w= 1 = e*™, k =0, +1, +2, ..., then z= Inw = 2k so that the point w = 1 is mapped into 
the points 0, +271, +47i,.... 

If, however, we consider z = (Inw)/27,, the point w = 1 is mapped into z= 0, +i, +2i, ... as required. 
Conversely, by means of this mapping function, the points z= 0, +i, +2i, ... are mapped into the point 
w=1. 


Then, a suitable mapping function is z= (Inw)/27 or w = e?™. 


2.45. 


2.46. 
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Given limp, Z, = l. Prove that limy_,0.. Re{z,} = Re{/} and lim), 0. Im{z,} = Im{/}. 


Solution 


Let z, =X, + iy, and 1= 1, + il, where x,, yn, and J), ly are the real and imaginary parts of z, and J, 
respectively. 
By hypothesis, given any € > 0 we can find N such that |z, —/| < € forn > N, ie., 


Xn tin — (Ch tih)|) <e forn>N 


or 


Von —hyY+O,—-bY <e forn>N 
From this, it necessarily follows that 
lm —hl<e and |y,-hb|<e forn>N 


Le., LiMy +o X, = ly and lim, yy = Ly, as required. 


Prove that if |a| < 1, 
1—acosé@ 
~ 1 — 2acos 6+ a2 
z, asin @ 
~ 1 —2acos 0+ a2 


(a) 1+acos6+ a’ cos20+ a> cos30+-:-- 


(b) asin@+ a’ sin26+ a> sin30+--- 


Solution 
Let z = ae’® in Problem 2.41. We can do this since |z| = |a| < 1. Then 


2 3310 | 1 
fei 23 


e794 Be = a 
1 —ae' 


lt+ae%+a 


or 


1 1 — ae? 


(1 +.acos 0+a? cos20+---)+i(asin6+a’ sin20+---)= 7 
1—ae'® 1 — ae‘? 


1 —acos 6+ iasin 0 
1 — 2acos 0+ a2 


The required results follow on equating real and imaginary parts. 


SUPPLEMENTARY PROBLEMS 


Functions and Transformations 


2.47, 


2.48. 
2.49, 


2.50. 


Let w = f(z) = z(2 — z). Find the values of w corresponding to (a)z=1+i, (b)z=2-— 2iand graph cor- 
responding values in the w and z planes. 


Let w = f(z) = (1 + z)/C — 2). Find: (a) fd), (b) f(1 — i) and represent graphically. 
Suppose f(z) = (2z + 1)/(3z — 2), z # 2/3. Find (a) f(1/z), (b) f{f(@}-. 


(a) If w= f(z) = (z+ 2)/(2z— 1), find f(O), f@, fU +i. (b) Find the values of z such that f(z) = i, 
f(2 = 2 — 31. (c) Show that z is a single-valued function of w. (d) Find the values of z such that f(z) = z 
and explain geometrically why we would call such values the fixed or invariant points of the transformation. 


CHAPTER 2. Functions, Limits, and Continuity 


2.51. 


2.52. 


2.53. 


2.54. 


A square S§ in the z plane has vertices at (0, 0), (1, 0), (1, 1), (0, 1). Determine the region in the w plane into 
which § is mapped under the transformations (a)w= 2, (b)w=1/(z+1). 


Discuss Problem 2.51 if the square has vertices at (1, 1), (—1, 1), (-1, —1), d, —1). 


Separate each of the following into real and imaginary parts, i.e., find u(x, y) and v(x, y) such that f(z) = u + iv: 


(a) f(2) = 227 — 3iz, OW) f@M=zt+1/z OfWM=A-D/A+9, MO =2'?. 


Suppose f(z) = 1/z = u+ iv. Construct several members of the families u(x, y) = a, v(x, y) = B where a and 
B are constants, showing that they are families of circles. 


Multiple-Valued Functions 


2.55. 


2.56. 


2.57. 


Let w* = zand suppose that, corresponding to z = 1, we have w = 1. (a) If we start at z = 1 in the z plane and 
make one complete circuit counterclockwise around the origin, find the value of w on returning to z = 1 for the 
first time. (b) What are the values of w on returning to z = 1 after 2,3, 4, ... complete circuits about the origin? 
Discuss (a) and (b) if the paths do not enclose the origin. 


Let w = (1 — 2)!” and suppose that, corresponding to z = 0, we have w = 1. (a) If we start at z = 0 in the z 


plane and make one complete circuit counterclockwise so as to include z = | but not to include z = —1, find 
the value of w on returning to z = 0 for the first time. (b) What are the values of w if the circuit in (a) is repeated 
over and over again? (c) Work parts (a) and (b) if the circuit includes z = —1 but does not include z = 1. (d) 


Work parts (a) and (b) if the circuit includes both z = 1 and z = —1. (e) Work parts (a) and (b) if the circuit 
excludes both z = 1 and z = —1. (f) Explain why z = | and z = —1 are branch points. (g) What lines can be 
taken as branch lines? 


Find branch points and construct branch lines for the functions 


@fO=/d-wM'", OF@=@-4'", Of@=me- 2). 


The Elementary Functions 


2.58. 
2.59. 
2.60. 
2.61. 


2.62. 


2.63. 
2.64. 
2.65. 
2.66. 
2.67. 
2.68. 


2.69. 


2.70. 


Prove that (a) e%! /e? = e~%, (b) |e”| = e7. 

Prove that there cannot be any finite values of z such that e* = 0. 
Prove that 27 is a period of e”. Are there any other periods? 
Find all values of z for which (a) e*% = 1, (b) e% =i. 


Prove (a) sin2z = 2sinzcosz, (b) cos2z = cos?z—sin*z, (c) sin?(z/2) = 5(1 — COS Z), 
(d) cos?(z/2) = 3(1 + cos z). 


Prove (a) 1 + tan? z = sec” z, (b) 1 + cot” z = csc? z. 

Let cos z = 2. Find (a) cos 2z, (b) cos 3z. 

Prove that all the roots of (a) sinz = a, (b) cos z = a, where —1 < a < 1, are real. 
Prove that if |sin z| < 1 for all z, then |Im{z}| < In(/2 + 1). 

Show that (a) sinzg=sinz, (b) cosz=cosz, (c) tanz = tanz. 


For each of the following functions, find u(x, y) and v(x, y) such that f(z) = u + iv, i.e., separate into real and 
imaginary parts: (a) f(z) =e”, (b) f(z) =cosz, (c) f(z) =sin2z, (d) f(2) =e”. 


Prove that (a) sinh(—z) = —sinh z, (b) cosh(—z) = cosh z, (c) tanh(—z) = —tanh z. 


Prove that (a) sinh(z; + z2) = sinh z; cosh z2 + cosh z; sinhz2, (b) cosh2z = cosh? z+ sinh” Z 
(c) 1 — tanh? z = sech? z. 


2.71. 
2.72. 


2.73. 


2.74. 


2.75. 


2.76. 


2.77. 


2.78. 
2.79. 
2.80. 
2.81. 
2.82. 
2.83. 


2.84. 
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Prove that (a) sinh?(z/2) = 5(cosh z — 1), (b) cosh?(z/2) = 3(cosh z +1). 
Find u(x, y) and v(x, y) such that (a) sinh 2z = u + iv, (b) zcoshz = u + iv. 


Find the value of (a) 4 sinh(i/3), (b) cosh(2k + 1)ai/2, k = 0, +1, +2, ..., (c) coth3 7/4. 


Wis 4/3: Aq : bes 
(a) Show that In 5) 5) ih 3 + 2ka ji, k=O, +1, +2, ....(b) What is the principal value? 


Obtain all the values of (a) In(—4), (b) In(3i), (c) In(/3 — i) and find the principal value in each case. 


Show that In(z — 1) = }In{(x — 1)? + y*} + itan“! y/(x — 1), giving restrictions if any. 


ZIV. a. ats 
—} indicating any restrictions. 


1 
Prove that (a) cos~! z = 4In(z + Vz? — 1), (b) cot"! z= =in( 
i 


1 1 
Prove that (a) sinh7! z = In(z+ Vz + 1), (b) coth7!z = sin(: Es ) 
ae 


Find all the values of (a) sin7! 2, (b) cos7! i. 

Find all the values of (a) cosh™! i, (b) sinh7!{In(—D}. 
Determine all the values of (a) (1 + i)’, (b) 12, 

Find (a) Re{(1 — i)'*"}, (b) |(-i)“L. 

Find the real and imaginary parts of 7° where z = x + iy. 


Show that (a) f(z) = (2 — 1)”, (b) f(2 = z!/2 +z! are algebraic functions of z. 


Branch Points, Branch Lines, and Riemann Surfaces 


2.85. 


2.86. 


2.87. 


2.88. 


Limits 


2.89. 


2.90. 


2.91. 


2.92. 


2.93. 


Prove that z= +i are branch points of (77 + 1)1/3, 
1/3 
Construct a Riemann surface for the functions (a) z!/3,_ (b) z!/2(z— 1)”, (c) (5) ; 
BS 


Show that the Riemann surface for the function z!/* + z!/> has six sheets. 


Construct Riemann surfaces for the functions (a) In(z+2), (b) sin7)z, (c) tan7! z. 


(a) Suppose f(z) = 2? + 2z. Prove that lim,_,; f(z) = 2i— 1. 


2. . 
(b) Suppose f(z) = o42e chi . Find lim,.; f(z) and justify your answer. 


34+2i zai 
2. T=7 
Proven ia si. 
zolti 2 —2z74+2 
_ 1l-z _ o-2iz 
Guess at a possible value for (a) lim ee (b) lim TA and investigate the correctness of your guess. 
z>2+il+Z z>2+i 2° 


Let lim,_,,, f(z) =A and lim,_,,, g(z) = B. Prove that (a) lim,_,,, {2f(z) — 3ig(z)} = 2A — 37B, 
(b) lim,_.., (pf(z) + gg(z)} = pA + gB where p and g are any constants. 


Let lim,.,,, f(z) =A. Prove that (a) lim,,..{ f(y =A, (b) lim,_,z{ f(@p =A>. Can you make a 
similar statement for lim,_,., { f(z)}"? What restrictions, if any, must be imposed? 
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2.94, 


2.95. 


2.96. 


2.97. 


2.98. 


2.99, 
2.100. 


2.101. 


Evaluate using theorems on limits. In each case, state precisely which theorems are used. 


. : ; . (2z—3)(4z +0) 
lim,_,»; (iz* + 3z? — 10%), lim_ —————_,— 
(a) lim,_,2; (iz* + 3z i) (c) how (iz— 1 


> 


2; 2 . 2 
(b) Ii : @ine = i6te l= 
im ———_, im ‘ e) lim {————— 
zoemi4 +74] zai 4] zslti [z 


: : ai/3 z 
Find ie. (z— e™/ (x). 


Suppose f(z) = 3z* + 2z. Prove that lim $@ ~ Fo) _ 
2-20 Z— % 


f@o +h) ~ fo) _ 
h (3z9 + 2 


629 + 2. 


2z-1 
Let f(z) = a Prove that lim z provided z) # —2/3. 


Suppose we restrict ourselves to that branch of f(z) = /z2 +3 for which f(0) = /3. Prove that 


je We ee ead 
lim ————_— = — 
zl z—l 2 
. : : Ry) é 2z4 +1 
Explain exactly what is meant by the statements (a) lim 1/(z — i)” = ©, (b) lim A =2 
zl I> 00 7 


Show that (a) lim, 7/2 (sin z)/z = 2/7, (b) lim,., 7i/2 2 cosh 4z/3 = 7/8. 


Suppose we restrict ourselves to that branch of f(z)=tanh!z such that f(0)=0. Show that 
lim, —; f(z) = 37/4. 


Continuity 


2.102. 


2.103. 


2.104. 


2.105. 


2.106. 


2.107. 


2.108. 
2.109. 
2.110. 
2.111. 
2.112. 


2.113. 


2 

4 
= if z ~ 2i, while f(2i) = 3 + 41. (a) Prove that lim,_,; f(z) exists and determine its value. (b) Is 
z—2i 


F(Z continuous at z = 27? Explain. (c) Is f(z) continuous at points z 4 27? Explain. 


Let f(z) = 


Answer Problem 2.102 if f(27) is redefined as equal to 4i and explain why any differences should occur. 


Prove that f(z) = z/(z*+ + 1) is continuous at all points inside and on the unit circle |z| = 1 except at four points, 
and determine those points. 


Suppose f(z) and g(z) are continuous at z = zo. Prove that 3f(z) — 4ig(z) is also continuous at z = Zp. 


Suppose f(z) is continuous at z = zg. Prove that (a) { for and (b) {f (z)}° are also continuous at z = Zp. 
Can you extend the result to {f(z)}” where n is any positive integer? 


Find all points of discontinuity for the following functions. 


2z-—3 32 +4 
re eR b —< 
2+ 2z+2 ye) 


1 tanh 
(a) f= 7n16 (c) f(z) =cotz, (d) fi) =i REG, ©) f{@= zy 
Prove that f(z) = z* — 2z + 3 is continuous everywhere in the finite plane. 
2 
+1 
Prove that f(z) = 5 is (a) continuous and (b) bounded in the region |z| < 2. 
B+ 


Prove that if f(z) is continuous in a closed region, it is bounded in the region. 
Prove that f(z) = 1/z is continuous for all z such that |z| > 0, but that it is not bounded. 


Prove that a polynomial is continuous everywhere in the finite plane. 


2 
1 
Show that f(z) = os is continuous for all z outside |z| = 2. 
Zz —3z+2 
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Uniform Continuity 


2.114. 


2.115. 


2.116. 


Prove that f(z) = 3z — 2 is uniformly continuous in the region |z| < 10. 


Prove that f(z) = 1/z* (a) is not uniformly continuous in the region |z| < 1 but (b) is uniformly continuous in 
the region 5 < |z| < 1. 


Prove that if f(z) is continuous in a closed region R, it is uniformly continuous in R. 


Sequences and Series 


2.117. 
2.118. 
2.119. 
2.120. 
2.121. 


2.122. 


2.123. 


2.124. 
2.125. 
2.126. 


2.127. 


2.128. 


2sn . 
Prove that (a) lim ——— = 0, (b) lim ( —“— —- —"_) = 1-3. 
no n> + | n>oln+3i n+l] 


Prove that for any complex number z, limp (1 + 3z/n7) = 1. 


: 1+i\" 
Prove that lim n( ) = 0. 
noo 2 
Prove that lim,_,.. ni” does not exist. 
Let limy 00 |Un| = 0. Prove that lim,_... U, = 0. Is the converse true? Justify your conclusion. 


Let lim, +00 Gy, =A and limy-5. b, = B. Prove that (a) limps (Qn + bn) =A+B, 
(b) limy 00 (dy — Dn) =A —B, (Cc) limy +00 dnb, = AB, (d) limy +00 Gy/b, = A/B if BAO. 


Use theorems on limits to evaluate each of the following: 
. 2 se 1 hs 3i 
ye ag hs: i ee 
n> (2n + 4i — 3)(n — 1) no 
(n? + 3i)(n — i) 
ing —3n+4-i 


(b) (d) lim Ja{/n+2i—- Jn +3} 
aici pee a ee 
noo n 


n->o 


Prove that the series 1 + i/3 + (i/3)? +--- = Srey (i/3)"! converges and find its sum. 


Prove that the series i— 2i+ 3i— di+--- diverges. 
Suppose the series )*”_, a, converges to A, and )~”_, b, converges to B. Prove that )~°_, (dy + ibn) converges 
to A + iB. Is the converse true? 


foe) 
Investigate the convergence of ae where w = J/3 +i. 
n=1 


5n/2 


Miscellaneous Problems 


2.129. 


2.130. 


2.131. 
2.132. 
2.133. 
2.134. 


Let w = {(4— 2)(z* + 4)}'/”. If w =4 when z = 0, show that if z 
describes the curve C of Fig. 2-32, then the value of w at z = 6 is 


—4i,/5. 


Prove that a necessary and sufficient condition for f(z) = u(x, y) + 
iv(x, y) to be continuous at z = zy = Xo + iyo is that u(x, y) and 
v(x, y) be continuous at (x, yo). 


Fig. 2-32 


Prove that the equation tan z = z has only real roots. 


A student remarked that 1 raised to any power is equal to 1. Was the student correct? Explain. 
sind sin26 sin30 2 sin 0 
how that bree : 
SC geek 3 5 — 4cos 0 
Show that the relation | f(x + iy)| = |f(@) + f(iy)| is satisfied by f(z) = sin z. Can you find any other functions 
for which it is true? 
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3 
. z—3z+2 
2.135. Prove that jim AL oars 


2.136. Prove that | csc z| < 2e/(e* — 1) if |y| > 1. 


0. 


2.137. Show that Re{sin™! z} = 4{/x? + y? + 2x41 — Vx? +y? — 2x4 1}. 


2.138. Suppose f(z) is continuous in a bounded closed region 7. Prove that 
(a) there exists a positive number M such that for all z in R, | f(z)| < M, 
(b) | f(z)| has a least upper bound p in R and there exists at least one value zp in R such that | f(zo)| = bp. 


2.139. Show that |tanh w(1 + 1)/4| = 1. 
2.140. Prove that all the values of (1 — ivi lie on a straight line. 
2.141. Evaluate (a) cosh 7i/2, (b) tanh! oo. 


2.142. Let tanz = u+ iv. Show that 
sin 2x sinh 2y 


4 ~ Cos 2x + cosh 2y’ ” = Cos 2x + cosh 2y 


2.143. Evaluate to three decimal place accuracy: (a) e*~~, (b) sin(5 — 4i). 


1 + itan(6/2) 


2.144. Prove Re} ——_—__ 
1 — itan(@/2) 


= cos 6, indicating any exceptional values. 


2.145. Let lim,.,, f(z) = A and lim,.,., g(z) = B # 0. Prove that lim,-,., f(z)/g(z) = A/B without first proving that 


lim,_,z, 1/g(z) = 1/B. 
if |z| is rational 


; gaa be Bee . Prove that f(z) is discontinuous at all values of z. 
if |z| is irrational 


2.146. Let f(z) = : 


2.147. Suppose f(z) = u(x, y)+iv(x, y) is continuous in a region. Prove that (a) Re{f(z)} = u(x, y) and 
(b) Im{f(z)} = v(@, y) are continuous in the region. 


2.148. Prove that all the roots of ztanz = k, where k > 0, are real. 
2.149. Prove that if the limit of a sequence exists, it must be unique. 


2.150. (a) Prove that lim; 0 (/n+ 1—./n) = 0. 


(b) Prove that the series )-°"_, (/n + 1 — ./n) diverges, thus showing that a series whose nth term approaches 
zero need not converge. 


2.151. Let zn41 = 5(Zn + 1/%), n= 0, 1, 2,... and —a/2 < argzy < 7/2. Prove that lim, Z, = 1. 


ANSWERS TO SUPPLEMENTARY PROBLEMS 


2.47. (a) 2,44 4i 
2.48. (a) i, (b) —1 — 2i 

2.49. (a) (2 + 2)/(3 — 22), (b) z 

250) (a2; 1, 1, by) CEB 


= 1—x-y? osics —2y 

+x ty +a + 

(b) u=x4x/0?+y’), v=y—y/C'?+y?) @ u=r'!” cos 6/2, v =r!” sin 6/2 
where x = rcos 0, y=rsin#@ 


2.53. (a) u = 2x* — 2y? + 3y, v = 4xy — 3x (c) u 


2.55. 
2.61. 
2.64. 
2.68. 


2.72. 


2.73. 
2.74. 
2.75. 


2.79. 
2.80. 


2.81. 


2.82. 


2.94, 
2.95. 
2.104. 
2.107. 


2.123. 
2.125. 
2.128. 
2.141. 
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(a) eet /3 (b) Am 1, eet /3 
(a) 2ki/3, (b) (1/8) i + (1/2)kmi, where k = +1, +2, ... 
(a) 7, (b) 26 


(a) u = e~*’ cos 3x, v = e~*” sin3x. (b) u = cosxcoshy, v = —sinxsinhy. (c) u = sin 2x cosh 2y, 
v = cos 2x sinh 2y. (d) u = e*{(x* — y*) cos 2y — 2xy sin 2y}, v = e**{2xy cos 2y + (x? — y*) sin 2y}. 


(a) u = sinh 2x cos 2y, v = cosh 2x sin 2y 

(b) u = xcoshxcosy — ysinhxsiny, v = ycoshxcos y + x sinhx sin y 
(a) 21/3, (b) 0, (c) i 

(b) 4771/3 


(a) 21n2 + (7+ 2ka)i, 21n2 + wi. (b) In3 + (77/2 + 2kmi, In3 + wi/2. (c) INn2 + (1177/6 + 2kwi, 
In2+ 1177/6 


(a) +In(24+ V3) + 7/2+2ka (b) —iln(/2 +1) + w/2 4+ 2ka, —iln(/2 — 1) + 30/2 + 2ko 
(a) In(V2 + 1) + wi/2 + 2kai, In(/2 — 1) + 3.1/2 + 2k 


(b) In| (2k lat JQk+ lpr 1 mi/2 + 2mm, 


in| (2k + 1222 —1— (2k 4 | 37/2 + Imai, k, m=0, +1, +2,... 


(a) e~7/4#2k"f cos(41n 2) + isin($1n2)}, (b) cos(2/2k7) + isin(2V/2k7) 
(a) e!/2|n2—7117/4—2kar cos(7 7/4 + 5In 2) (b) eb t/242kt 
(a) -12 + 6i, (b) V2(1 + i)/2, (c) —4/3 — 4%, (d) 1/3, (e) -1/4 


1/6 — i/3/6 
e2k+ mi/4 | k= 0, 1, 2, 3 


1 
(a)-14i (b) #2, 42) )ka,k=0, +1, +2,... (MO, (k+5)m4=0 +1, +2, ... 
(ec) +i, (k+4)ai, k= 0, +1, +2,... 


(a) 4i, (b) 1, ©) 0, @) di 
(9 + 3i)/10 
Converges 


(a) 0, (b) (2k + 1) mi/2, k= 0, +1, $2, ... 


Complex Differentiation and 
the Cauchy—Riemann Equations 


3.1 Derivatives 


If f(z) is single-valued in some region ? of the z plane, the derivative of f(z) is defined as 
Az) — 
km Je + A2 ~fO 
Az>0 Az 
provided that the limit exists independent of the manner in which Az — 0. In such a case, we say that f(z) is 


differentiable at z. In the definition (3.1), we sometimes use h instead of Az. Although differentiability 
implies continuity, the reverse is not true (see Problem 3.4). 


f@= (3.1) 


3.2 Analytic Functions 


If the derivative f’(z) exists at all points z of a region R, then f(z) is said to be analytic in R and is referred to 
as an analytic function in R or a function analytic in‘. The terms regular and holomorphic are sometimes 
used as synonyms for analytic. 

A function f(z) is said to be analytic at a point Z if there exists a neighborhood |z — zo| < 6 at all points 
of which f’(z) exists. 


3.3. Cauchy-Riemann Equations 


A necessary condition that w = f(z) = u(x, y) + iv, y) be analytic in a region FR is that, in R, u and v 
satisfy the Cauchy—Riemann equations 


ax ay’ dy Ox Om 
If the partial derivatives in (3.2) are continuous in R, then the Cauchy—Riemann equations are sufficient 
conditions that f(z) be analytic in R. See Problem 3.5. 
The functions u(x, y) and v(x, y) are sometimes called conjugate functions. Given u having continuous 
first partials on a simply connected region R (see Section 4.6), we can find v (within an arbitrary additive 
constant) so that u + iv = f(z) is analytic (see Problems 3.7 and 3.8). 
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3.4 Harmonic Functions 


If the second partial derivatives of u and v with respect to x and y exist and are continuous in a region 7, 
then we find from (3.2) that (see Problem 3.6) 


eu eu av ov 
palealiee ee 9 —_+__=(Q 3.3 
ax? dy? ax? dy? G3) 


It follows that under these conditions, the real and imaginary parts of an analytic function satisfy Laplace’s 
equation denoted by 
ry ry > Sas Pe ode 
ax wy or Vv=0 where V =e ae 
The operator V? is often called the Laplacian. 
Functions such as u(x, y) and u(x, y) which satisfy Laplace’s equation in a region 7° are called harmonic 
functions and are said to be harmonic in R. 


(3.4) 


3.5 Geometric Interpretation of the Derivative 


Let z) [Fig. 3-1] be a point P in the z plane and let wo [Fig. 3-2] be its image P’ in the w plane under the 


transformation w = f(z). Since we suppose that f(z) is single-valued, the point z) maps into only one 
point wo. 


z plane w plane 
y ) 

Q' 
2 3 
aad 
uot 
ag 
zo + Az a 4 4 
S 
P _ 

P' 

£0 
x u 
Fig. 3-1 Fig. 3-2 


If we give z an increment Az, we obtain the point Q of Fig. 3-1. This point has image Q’ in the w plane. 
Thus, from Fig. 3-2, we see that PQ’ represents the complex number Aw = f(z + Az) — f(zo). It follows 
that the derivative at zo (if it exists) is given by 

A = P / 
fim 10 + A2 — fo) _ 5, PP 
Az>0 Az oP PQ 


(3.5) 


that is, the limit of the ratio PQ’ to PQ as point Q approaches point P. The above interpretation clearly holds 
when Z is replaced by any point z. 
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3.6 Differentials 


Let Az = dz be an increment given to z. Then 


Aw = f(z + Az) —f(@ (3.6) 
is called the increment in w = f(z). If,f(z) is continuous and has a continuous first derivative in a region, then 
Aw = f'(2)Az4t €Az = f’(z) dz + edz (3.7) 

where € — 0 as Az > 0. The expression 
dw = f'(z) dz (3.8) 
is called the differential of w or f(z), or the principal part of Aw. Note that Aw ¥ dw in general. We call dz 

the differential of z. 
Because of the definitions (3.1) and (3.8), we often write 

ig mee ee 6) 


It is emphasized that dz and dw are not the limits of Az and Aw as Az — 0, since these limits are zero 
whereas dz and dw are not necessarily zero. Instead, given dz, we determine dw from (3.8), i.e., dw is a 
dependent variable determined from the independent variable dz for a given z. 

It is useful to think of d/dz as being an operator that, when operating on w = f(z), leads to 
dw/dz = f(z). 


3.7 Rules for Differentiation 


Suppose f(z), g(z), and A(z) are analytic functions of z. Then the following differentiation rules (identical 
with those of elementary calculus) are valid. 


d d d 
1. tf@ + 8@} = Tho + = 8@) =f'(2) + 2’) 
Z dz dz 
d d d ‘ ; 
2. Fras — g(z)} = al © - do =f (z) — g() 
3. Laat a Bee = cf'(z) where c is any constant 
dz dz 


d d 
4. (FOO) =fO4 a0) + SOLFO =fOKO + sA"'O 
Z dz dz 


5 4 I — 8G/dF@ ~ FOA/d)8@) _ 8 OF) ~fO8®) j¢ ay 20 
dz (a) eae [x(a 
6. Ifw=f(¢) where ¢ = g(z) then 
dw _dwd_,, dey ; 
wae a =f@ ae =f{s@}g @) (3.10) 


Similarly, if w = f(¢) where ¢ = g(m) and 7n = A(z), then 
dw dw dé dn 
dz dé dn az 

The results (3.10) and (3.11) are often called chain rules for differentiation of composite functions. 

7. Ifw=f(z) has a single-valued inverse f—!, then z = f—!(w), and dw/dz and dz/dw are related by 
dw = th 
dz dz/dw 


(3.11) 


(3.12) 
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8. Ifz=f(t) and w = g(t) where ¢ is a parameter, then 


Similar rules can be formulated for differentials. For example, 


dw _ dw/dt _ g'(t) 


dz dz/dt f(t) 


(3.13) 


d{ f(z) + g(z)} = df(z) + dg(z) = f(z) dz + g'(z) dz = {f'(2) + g'(2} dz 
dt f(2)g(2)} =f (2) dg(z) + g(z) df(z) = {f(ag'(z) + g(2) f' (@} dz 


3.8 Derivatives of Elementary Functions 


In the following, we assume that the functions are defined as in Chapter 2. In the cases where functions have 
branches, i.e., are multi-valued, the branch of the function on the right is chosen so as to correspond to the 
branch of the function on the left. Note that the results are identical with those of elementary calculus. 


d 

1. —(c)=0 
me 
d 

2 oft n—1 
a8 nz 
d 

3 aoe 

4 fae 
dz 
d 

5; Pe as 
d 

6. FP 


d 
7. —tanz = sec”z 
dz 


8. Foote = OSC 
d 
9. —secz= sec ztanz 
dz 
d 
10. —csc z= —csc zcotz 
dz 
11 1 a ! 
. —lo =—Inz=-— 
dz Bet dz z 
d log, e 
12. —1 ene 
E 0g, Z 
1 
13. —sinc!z= 
dz 1-2 
—1 
i ae le 
a Zz ae 
15;.. tan! : 
dz : 1+2 


16. 


17. 


18. 


19. 


20. 


21. 


22; 


23. 


24. 


25. 


26. 


27. 


28. 


29. 


30. 


feel = 
dz ory +2 
¢ sec”! d 
See —————_ 
dz we—1 
g csc”! = 
oi z= —__— 
dz z/7— 1 
d 
— sinh z = cosh 
dz . 7 
d 
—coshz = sinh 
ae Zz Zz 
d 
—tanh z = sech’z 
dz 
d 
—cothz = —csch’z 
dz 
d 
—sech z = —sech ztanh z 
dz 
d 
—csch z = —csch zcothz 
dz 
1 
—sinh7! z= 
Zz 1+2 
1 
—cosh7!z= 
Z z2—1 
tanh™ : 
dz a 
d 1 
— coth == 
aoe Ff ae 
e sech— =I 
— —————— 
dz z1— Zz 
—l 
—csch’“ z 
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3.9 Higher Order Derivatives 


If w = f(z) is analytic in a region, its derivative is given by f’(z), w’, or dw/dz. If f’(z) is also analytic in the 
region, its derivative is denoted by f”(z), w”, or (d/dz)(dw/dz) = d’w/dz’. Similarly, the nth derivative of 
f(2), if it exists, is denoted by f(z), w™, or d"w/dz" where n is called the order of the derivative. Thus 
derivatives of first, second, third,... orders are given by f’(z), f’(z), f’ (2), .... Computations of these 
higher order derivatives follow by repeated application of the above differentiation rules. 

One of the most remarkable theorems valid for functions of a complex variable and not necessarily valid 
for functions of a real variable is the following: 


THEOREM 3.1. Suppose f(z) is analytic in a region R. Then so also are f’(z), f"(z),... analytic in R, ie., 
all higher derivatives exist in R. 


This important theorem is proved in Chapter 5. 


3.10 LHospital’s Rule 


Let f(z) and g(z) be analytic in a region containing the point z) and suppose that f(z) = g(z) = 0 but 
@'(z9) £0. Then, L’Hospital’s rule states that 


lim 12 _ Fo) 
zx B(z) — 8"(Zo) 
In the case of f’(zo) = g’(Zo) = 0, the rule may be extended. See Problems 3.21—3.24. 
We sometimes say that the left side of (3.14) has the “indeterminate form” 0/0, although such terminol- 
ogy is somewhat misleading since there is usually nothing indeterminate involved. Limits represented by 
so-called indeterminate forms 00/00, 0 - 00, 00°, 0°, 1°, and oo — oo can often be evaluated by appropriate 
modifications of L’Hospital’s rule. 


(3.14) 


3.11 Singular Points 


A point at which f(z) fails to be analytic is called a singular point or singularity of f(z). Various types of 
singularities exist. 


1. Isolated Singularities. The point z = 2p is called an isolated singularity or isolated singular point 
of f(z) if we can find 6 > 0 such that the circle |z — zo| = 6 encloses no singular point other than 
Zo (i.e., there exists a deleted 6 neighborhood of zp containing no singularity). If no such 6 can be 
found, we call z a non-isolated singularity. 

If z is not a singular point and we can find 6 > 0 such that |z — zo| = 6 encloses no singular 

point, then we call zo an ordinary point of f(z). 

2. Poles. If zo is an isolated singularity and we can find a positive integer n such that 
lim,_,., (z — zo)"f(z) = A #0, then z= Zz is called a pole of order n. If n= 1, zo is called a 
simple pole. 


EXAMPLE 3.1 

(a) f(2 =1/(z—2)°* has a pole of order 3 at z = 2. 

(b) f(z) = Bz —2)/(z — 1)°(z + 1)(z — 4) has a pole of order 2 at z = 1, and simple poles at z = —1 
and z= 4. 


If g(z) = (< — Z)"F(z), where f(zo) # 0 and nis a positive integer, then z = Zp is called a zero of 
order n of g(z). If n = 1, zp is called a simple zero. In such a case, zp is a pole of order n of the 
function 1 /g(z). 


3. Branch Points of multiple-valued functions, already considered in Chapter 2, are non-isolated 
singular points since a multiple-valued function is not continuous and, therefore, not analytic 
in a deleted neighborhood of a branch point. 
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EXAMPLE 3.2 
(a) f(z) = (<— 3)!” has a branch point at z = 3. 
(b) f(z) = In(z* +z — 2) has branch points where z* + z—2=0, ie., at z= 1 and z= —2. 


4. Removable Singularities. An isolated singular point zo is called a removable singularity of f(z) if 
lim,,,, f(z) exists. By defining f(zo) = lim,,,, f(z), it can then be shown that f(z) is not only con- 
tinuous at Zp but is also analytic at zp. 


EXAMPLE 3.3 The singular point z = 0 is aremovable singularity of f(z) = sin z/z since lim,_,9 (sin z/z) = 1. 
5. Essential Singularities. An isolated singularity that is not a pole or removable singularity is 

called an essential singularity. 

EXAMPLE 3.4 f(z) = e!/<- has an essential singularity at z = 2. 


If a function has an isolated singularity, then the singularity is either removable, a pole, or an 
essential singularity. For this reason, a pole is sometimes called a non-essential singularity. 
Equivalently, z = zp is an essential singularity if we cannot find any positive integer n such 
that lim,,.,(z — zo)"f(z) =A #0. 


6. Singularities at Infinity. The type of singularity of f(z) at z = oo [the point at infinity; see pages 7 
and 47] is the same as that of f(1/w) at w = 0. 


EXAMPLE 3.5 The function f(z) = z’ has a pole of order 3 at z = ©, since f(1/w) = 1/w’ has a pole of 
order 3 at w = 0. 


For methods of classifying singularities using infinite series, see Chapter 6. 


3.12 Orthogonal Families 


Let w = f(z) = u(x, y) + iv(x, y) be analytic and f’(z) 4 0. Then the one-parameter families of curves 
u(x,y)=a, v(x,y)= Pf (3.15) 


where a@ and f are constants, are orthogonal, i.e., each member of one family [shown heavy in Fig. 3-3] is 
perpendicular to each member of the other family [shown dashed in Fig. 3-3] at the point of intersection. 
The corresponding image curves in the w plane consisting of lines parallel to the u and v axes also form 
orthogonal families [see Fig. 3-4]. 


w plane 
Vv 


u 


Fig. 3-3 Fig. 3-4 


In view of this, one might conjecture that if the mapping function f(z) is analytic and f’(z) 4 0, then the 
angle between any two intersecting curves C; and C in the z plane would equal (both in magnitude and 
sense) the angle between corresponding intersecting image curves C’, and C;, in the w plane. This conjecture 
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is in fact correct and leads to the subject of conformal mapping, which is of such great importance in both 
theory and application that two chapters (8 and 9) will be devoted to it. 


3.13 Curves 


Suppose (ft) and y(t) are real functions of the real variable t assumed continuous in f; < t < tf. Then the 
parametric equations 


z=xti=OO+iO=270), n<t<h (3.16) 


define a continuous curve or arc in the z plane joining points a = z(t) and b = 2(t2) [see Fig. 3-5]. 

If t) A to while z(t, ) = z(tz), i-e., a = b, the endpoints coincide and the curve is said to be closed. A closed 
curve that does not intersect itself anywhere is called a simple closed curve. For example, the curve of 
Fig. 3-6 is a simple closed curve while that of Fig. 3-7 is not. 

If (tf) and y(t) [and thus z(t)] have continuous derivatives in tf; < t < t, the curve is often called a 
smooth curve or arc. A curve, which is composed of a finite number of smooth arcs, is called a piecewise 
or sectionally smooth curve or sometimes a contour. For example, the boundary of a square is a piecewise 
smooth curve or contour. 


y y y 


aes 


Fig. 35 Fig. 36 Fig. 3-7 


Unless otherwise specified, whenever we refer to a curve or simple closed curve, we shall assume it to be 
piecewise smooth. 


3.14 Applications to Geometry and Mechanics 


We can consider z(t) as a position vector whose y 
terminal point describes a curve C in a definite 
sense or direction as t varies from f, to fh. If z(A) P Az = 2(t+ At) —2(2) 
and z(t + At) represent position vectors of points 
P and Q, respectively, then 


Az ales At) — z(t) 
At At 


is a vector in the direction of Az [Fig. 3-8]. If 
lima;+o0 Az/At = dz/dt exists, the limit is a vector 
in the direction of the tangent to C at point P and Fig. 3-8 
is given by 


dz 7 dx dy 


—— 1— 


dt dt at 
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If ¢ is time, dz/dt represents the velocity with which the terminal point describes the curve. Similarly, 
d’z/dt? represents its acceleration along the curve. 


3.15 Complex Differential Operators 


Let us define the operators V (del) and V (del bar) by 


Va pt V= j= (3.17) 


where the equivalence in terms of the conjugate coordinates z and z (page 7) follows from Problem 3.32. 


3.16 Gradient, Divergence, Curl, and Laplacian 


The operator V enables us to define the following operations. In all cases, we consider F(x, y) as a real 
continuously differentiable function of x and y (scalar), while A(x, y) = P(x, y) + iQ(x, y) is a complex 
continuously differentiable function of x and y (vector). 

In terms of conjugate coordinates, 


FG 3= F(t) iG: a said Ae Wy Be) 


1. Gradient. We define the gradient of a real function F (scalar) by 


OF oF dG 
dF=VF= l =2 1 
gra ax +1 By 3 (3.18) 


Geometrically, if VF 4 0, then VF represents a vector normal to the curve F(x, y) = c where c is 
a constant (see Problem 3.33). 
Similarly, the gradient of a complex function A = P + iQ (vector) is defined by 


grad A= VA = te (+710) 
ox dy 


dP 0Q (dP  0Q oB 
= =2 3.19 
ax ay uy (> m 2) oz a 


In particular, if B is an analytic function of z, then dB/dz = 0 and so the gradient is zero, Le., 
dP/dx = 0Q/dy, dP/dy = —(0Q/dx), which shows that the Cauchy—Riemann equations are sat- 
isfied in this case. 

2. Divergence. By using the definition of dot product of two complex numbers (page 7) extended to 
the case of operators, we define the divergence of a complex function (vector) by 


div A = V-A = Re{VA} = Ref (= = isles io} 


ax 

oP dQ 0B 
=—+—=2 Rey — 2 
ae Oy {| oe) 


Similarly, we can define the divergence of a real function. It should be noted that the divergence 
of a complex or real function (vector or scalar) is always a real function (scalar). 
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Curl. By using the definition of cross product of two complex numbers (page 7), we define the 
curl of a complex function as the vector 


VxA= (0,0, OO OE 
ax ay 


orthogonal to the x-y plane having magnitude 


lcurl A] = |V x A] = [Im{VA}| = mf (= a isles io) 


Ox 

a0 aP aB 
= |~ — —] = |2 Imi — 21 
ax ay | "lad oe 


Laplacian. The Laplacian operator is defined as the dot or scalar product of V with itself, i.e., 


Se eo ae a .d\fa a 
VevV=V = Re(VV) = Ref (> is\(z+ip)} 


A oe Ay 
— + —4 — 
ax? dy? dz0zZ 


(3.22) 


Note that if A is analytic, V7A = 0 so that V>P = 0 and V?Q = 0, i.e., P and Q are harmonic. 


Some Identities Involving Gradient, Divergence, and Curl 


Suppose A,, Az, and A are differentiable functions. Then the following identities hold 


Dy Be 


grad(A; + Az) = grad A; + grad Az 

div(A; +Az) = div A; +div Az 

curl(A; + Az) = curl A; + curl A, 

grad(AjA2) = (Ai )(grad Az) + (grad A1)(A2) 

|curl grad AJ =O if A is real or, more generally, if Im{A} is harmonic. 

div gad A =O ifA is imaginary or, more generally, if Re{A} is harmonic. 


SOLVED PROBLEMS 


Derivatives 


3.1. 


Using the definition, find the derivative of w = f(z) = 2° — 2z at the point where 
(a) z= 2%, (b) z= —1. 


Solution 


(a) By definition, the derivative at z = zg is 


fle + Ac) = fo) _ 5, Go + Ad® = 20 + Ad) = {2 = 220} 


/ = ji 
Fo) Ano Az Az>0 Az 


2 + 3z9Az + 3zo(Az)® + (Az)? — 229 — 2Az — 2} + 220 
— ae Az 


= lim 32 + 3z9Az + (Az)? — 2 = 3% —2 


In general, f"(z) = 3z? — 2 for all z. 
(b) From (a), or directly, we find that if z) = —1, then f’(—1) = 3( 1? —2=1. 
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3.2. Show that (d/dz)z does not exist anywhere, i.e., f(z) = Z is non-analytic anywhere. 


Solution 
By definition, 


f(z+ Az) —f(2) 


d : 
a _ mo 


0 Az 
if this limit exists independent of the manner in which Az = Ax + iAy approaches zero. 
Then 
d_ i zt+Az-zZ i x+iy+Ax+iAy—x+iy 
= lim = lim 
dz a Az—>0 Az Ax—>0 Ax + iAy 
Ay—0 
— tim = iy + Ax my (x iy) _ km Buoy, 
Ax—>0 Ax + iAy Ax—>0 Ax + iAy 
Ay>0 Ay>0 
If Ay = 0, the required limit is 
Ax 
lim —=1 
Ax—>0 
If Ax = 0, the required limit is 
Ae —iAy = 
Ay>o iAy 


Then, since the limit depends on the manner in which Az —> 0, the derivative does not exist, i.e., f(z) = Zis 
non-analytic anywhere. 


3.3. Given w = f(z) = (1 + z)/(1 — 2), find (a) dw/dz and (b) determine where f(z) is non-analytic. 
Solution 
(a) Method 1. Using the definition 


1+(<+Az) 1+z 
dw . f(z+Az) —f . 1—(z+Az) 1-z 
dz ae Az — fate Az 
“ 2 2 
Ac0(1—z—Azy1—z) (1—z 


independent of the manner in which Az — 0, provided z # 1. 


Method 2. Using differentiation rules. By the quotient rule [see Problem 3.10(c)], we have if z 4 1, 


d d 
d (1+) Beg dost ta, O—2) Ga yayate pen. 2 
dz 7 


1-z 


dear (1-2) Chex 


(b) The function f(z) is analytic for all finite values of z except z = 1 where the derivative does not exist and 
the function is non-analytic. The point z = 1 is a singular point of f(z). 


3.4. (a) If f(z) is analytic at zo, prove that it must be continuous at zo. 


(b) Give an example to show that the converse of (a) is not necessarily true. 
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Solution 
(a) Since 


fGo +h) — fo) © h 


f(Zo +h) — f(z) = A 


where h = Az #0, we have 


lim f@o + h) —f@o) = lim lim h =f'@o)-0=0 


fGo +h) — fo) - 
0 h 
because f’(zo) exists by hypothesis. Thus 
lim f@o+h)—f@o)=0 or lim fo + h) = fo) 
showing that f(z) is continuous at Zo. 


(b) The function f(z) = Z is continuous at z). However, by Problem 3.2, f(z) is not analytic anywhere. This 
shows that a function, which is continuous, need not have a derivative, i.e., need not be analytic. 


Cauchy-Riemann Equations 
3.5. Prove that a (a) necessary and (b) sufficient condition that w = f(z) = u(x, y) + iv(x, y) be analytic in 


aregion 7 is that the Cauchy—Riemann equations du/dx = dv/dy, du/dy = —(dv/dx) are satisfied in 
R where it is supposed that these partial derivatives are continuous in R. 


Solution 

(a) Necessity. In order for f(z) to be analytic, the limit 
_ f(z+Az)—f@) 

YH = 


ry ane F@ 
fe {u(x + Ax, y + Ay) + iv + Ax, y+ Ay)} — {u(x, y) + iv(x, y)} (1) 
~ Ax>0 Ax + iAy 
Ay>0 


must exist independent of the manner in which Az (or Ax and Ay) approaches zero. We consider two poss- 
ible approaches. 


Case 1. Ay = 0, Ax — 0. In this case, (1) becomes 


: u(x + Ax, y)— u(x, y) _ .| va& + Ax, y) — v(x, y) ou av 
lim + i = + I 
Ax>0 Ax Ax 


ox ox 


provided the partial derivatives exist. 


Case 2. Ax = 0, Ay — 0. In this case, (1) becomes 


im u(x, y+ Ay) — u(x, y) v(x, y + Ay) — v(x, y) lou av Ou Ov 
= f= -I1—4 
Ay—>0 iAy Ay idy dy dy oy 
Now f(z) cannot possibly be analytic unless these two limits are identical. Thus, a necessary condition 
that f(z) be analytic is 
ou ov du dv ou = dv dav a ou 


bi = 1 t or ==; = 
ox = Ox dy dy ax dy ox dy 


(b) Sufficiency. Since du/dx and du/dy are supposed to be continuous, we have 


Au = u(x + Ax, y + Ay) — u(x, y) 
= {u(x + Ax, y + Ay) — u(x, y + Ay)} + {u(x, y + Ay) — u(x, yy} 


= é <i)as (= m )ay = Sas MH ay + e,Ax + n, Ay 
dy ax oy 


ox 
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where €, — 0 and n, > 0 as Ax > 0 and Ay > 0. 
Similarly, since dv/dx and dv/dy are supposed to be continuous, we have 


dy ty 


where €) > 0 and 7, — 0 as Ax > 0 and Ay > 0. Then 


Aw = Au + iAv = ae je Ax 4 of gee Ay + eAx4 
ox Ox, dy oy 


where € = €; + ie. > Oand n= n, +im, > Oas Ax > O and Ay = 0. 
By the Cauchy—Riemann equations, (2) can be written 


du ov Ov | Ou 
aw= (% ae ( nen (ay + €Ax + nAy 


= (= Fae | iAy) + eAx + nAy 
ox Ox 


dv ov dv dv 
Av= & | c)as ( | n)Ay = Sas | 5 Ay + &Ax + nm Ay 


nAy 


Then, on dividing by Az = Ax + iAy and taking the limit as Az > 0, we see that 


dws, . Aw ou dv 
dz f@ E50 Az ox ; ox 


so that the derivative exists and is unique, i.e., f(z) is analytic in R. 


(2) 


3.6. Given f(z) = u+ iv is analytic in a region 7. Prove that u and v are harmonic in R if they have 
continuous second partial derivatives in R. 


Solution 


If f(z) is analytic in 7, then the Cauchy—Riemann equations 


and 


du Ov 
ax dy 
ov Ou 
ax Ay 


d) 


(2) 


are satisfied in R. Assuming u and v have continuous second partial derivatives, we can differentiate both sides 


of (1) with respect to x and (2) with respect to y to obtain 


and 


from which 


1.e., uw is harmonic. 


Pu vv 
ax2 Axdy 
Pv eu 
ayax ay? 
Pu Pu Pu ou 
= or =0 
ax? dy? ax? dy? 


(3) 


(4) 
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Similarly, by differentiating both sides of (1) with respect to y and (2) with respect to x, we find 


ov % Pv 7 
ax2 ay? 
and v is harmonic. 

It will be shown later (Chapter 5) that if f(z) is analytic in R, all its derivatives exist and are continuous in 
R. Hence, the above assumptions will not be necessary. 


3.7. (a) Prove that u = e*(xsiny — ycosy) is harmonic. 
(b) Find v such that f(z) = u + iv is analytic. 


Solution 


a 
(a) = (e *)\(siny) + (—e “)(xsiny — ycosy) =e “siny — xe * siny + ye “cosy 
Pu a fe as —x =i as eae =x 
—= an? siny — xe“ siny+ ye *cosy) = —2e™* siny + xe“ siny — ye “cosy (1) 
x 


Oe asec +ysiny— =xe™* “siny—e™* 
a y +ysiny — cosy) = xe cosy + ye siny — e* cos y 


Pu a 
ae r= (xe “cosy + ye * siny — e “cosy) = —xe“ siny + 2e “ siny + ye * cos y (2) 
ry. 


Adding (1) and (2) yields (u/dx”) + (@u/ dy”) = 0 and u is harmonic. 


(b) From the Cauchy—Riemann equations, 


0 ) 

Le RI siny — xe“ siny + ye* cosy (3) 
dy ox 

dv a 

ee Soe cos y — xe* cosy — ye“ siny (4) 
ox oy 


Integrate (3) with respect to y, keeping x constant. Then 


v=—e*cosy+xe “cosy+e “(ysiny + cos y) + F(x) 
= ye “siny + xe cosy + F(x) (5) 


where F(x) is an arbitrary real function of x. 
Substitute (5) into (4) and obtain 


—ye *siny — xe* cosy +e *cosy + F'(x) = —ye™ siny — xe* cosy — ye“ siny 
or F’(x) = 0 and F(x) = c, a constant. Then, from (5), 
v=e“(ysiny+xcosy)+c 


For another method, see Problem 3.40. 


3.8. Find f(z) in Problem 3.7. 


Solution 
Method 1 
We have f@ =f iy) = u(x, y) + iv, y). 
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Putting y = 0 F(x) = u(x, 0) + iv, 0). 


Replacing x by z, f (2) = u(z, 0) + iv(z, 0). 


Then, from Problem 3.7, u(z, 0) = 0, v(z, 0) = ze~* and so f(z) = u(z, 0) + iv(z, 0) = ize, apart from an 
arbitrary additive constant. 


Method 2 


Apart from an arbitrary additive constant, we have from the results of Problem 3.7, 


f(®) =ut+iv =e (xsiny — ycosy) + ie “(ysiny + xcos y) 


_{ (e@-e? e+e? _ yf (e&-e” eP+e% 
=e x - y + le y : + xX 
2i 2 2i 2 


= i(xt iy)e oO = ize* 


Method 3 


We have x = (z+ Z)/2, y = (z — Z)/2i. Then, substituting into u(x, y) + iv, y), we find after much tedious 
labor that z disappears and we are left with the result ize~<. 

In general, method 1 is preferable over methods 2 and 3 when both u and v are known. If only u (or v) is 
known, another procedure is given in Problem 3.101. 


Differentials 
3.9. Given w = f(z) = 2 — 22”. Find: (a) Aw, (b) dw, (c) Aw—adw. 


Solution 


(a) Aw=f(@+ Az)—f@) = {@+ Az)’ — 2@ + Az} — {2 — 22"} 
= 2+ 32Az+ 32(Az)? + (Az)? — 22 — 4zAz — 2(Az)* — 3 +22 
= (32° — 4z)Az + (3z — 2)(Az)? + (Az)? 


(b) dw = principal part of Aw = (32* — 4z)Az = (32° — 4z) dz, since, by definition, Az = dz. 
Note that f’(z) = 32? — 4z and dw = (32? — 4z) dz, i.e., dw/dz = 32° — 4z. 


(c) From (a) and (b), Aw — dw = (3z — 2)(Az)* + (Az)® = eAz where € = (3z — 2)Az + (Az). 
Note that e > 0 as Az > 0, i.e., (Aw — dw)/Az > Oas Az — 0. It follows that Aw — dw is an infinitesi- 
mal of higher order than Az. 


Differentiation Rules. Derivatives of Elementary Functions 


3.10. Prove the following assuming that f(z) and g(z) are analytic in a region 7. 
d d d 
(a) FA {f(@) + g@@)} = = SO ne 


d d d 
(b) def 8} =f@ 7 8® = 8 F(@) 


(c) 


d d 
SQ) 2) fa) 


g(z) [e(2)I 
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Solution 
d _ yp SG +42) + 8G + Ad — {FO + 8@} 
(a) qf @ + 8@)} = Am, Ae 
i f(z+Az—-f@ . .. g(zt+ Az) — (2) 
= lim + lim 
Az>0 Az Az>0 Az 
d d 
=a f+ Go 
d f+ Azg(zt Az) — fg 
(b) qf @s@} = in Ae 
ki f(z + Az){g(z + Az) — g(2)} + et f(z + Az) — f(a} 
= hm 
Az—>0 Az 
’ + Az) — . + Az) — 
ee a | ee ae 


d d 
=f s8®@ + s@— Ff 
dz dz 
Note that we have used the fact that limy,9 f(z + Az) = f(z) which follows since f(z) is analytic and 
thus continuous (see Problem 3.4). 


Another Method 
Let U=f(z),V=ag(z). Then 
f(z+Az) = U+ AU, g(z+ Az) = V+ AV. Thus 


AU=f(z+Az—f(2 and AV=g(z+Az)— gz), ie, 


d . (U+AU)\(V + AV) — UV . UAV+VAU + AUAV 
—UV = lim = lim 
dz Az>0 Az Az>0 Az 
AV AU AU dV dU 
= li U— + V—+—AV ] =U—+V— 
tim, ( Az t Az Re Az ) dz - dz 


where it is noted that AV > 0 as Az > 0, since V is supposed analytic and thus continuous. 


A similar procedure can be used to prove (a). 


(c) We use the second method in (b). Then 


d (U ie 1fu+AU U Ac VAU — UAV 
dz\V = Az>0 Az | V+ AV 4 - Az—>0 AcV + AV)V 
ay 1 AU AV)  V(dU/dz) — U(dV/dz) 
~ Acso(V+AV)V | Az AzJ y2 


The first method of (b) can also be used. 
3.11. Prove that (a) (d/dz)e* = e*, (b) (d/dz)je“ = ae“ where a is any constant. 


Solution 


+ iv oru = e* cosy, v =e* siny. 


(a) By definition, w = e? = e**+® = e*(cosy + isiny) =u 
Since du/dx = e* cos y = dv/dy and dv/dx = e* siny = —(du/dy), the Cauchy—Riemann equations are 


satisfied. Then, by Problem 3.5, the required derivative exists and is equal to 


du dv du ov 
j i—+—=e'cosy+ie*siny = & 
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(b) Let w= e$ where ¢ = az. Then, by part (a) and Problem 3.39, 
d , dé 
e . 
dz dz di dz 


We can also proceed as in part (a). 


=e -a=ac% 


d d d 
3.12. Prove that: (a) —sinz=cosz, (b)—cosz=-—sinz, (c) —tanz = sec” z. 
dz dz dz 


Solution 


(a) We have w = sinz = sin(x + iy) = sinx coshy + icosx sinhy. Then 
u=sinxcoshy, v=cosxsinhy 


Now 0u/dx = cosxcoshy = dv/dy and dv/dx = —sinx sinh y = —(du/dy) so that the Cauchy—Riemann 
equations are satisfied. Hence, by Problem 3.5, the required derivative is equal to 

du ov Ou dv 
ax ax "by " ay 
Another Method 

iz ek 
———., we have, using Problem 3.11(b), 
i 


2 
Tint > td eras. a de. bas” Gi 

sinz = ig ~—-e% +e % —cosz 
dz 2 


= cosxcoshy — isinx sinh y = cos(x + iy) = cosz 


Since sin z = 


dze\ Ob.) Bide’  Siae 2 
d d(e*+e"\ 1d, 1d, 
(b) cosz= = ef 4 eo 
dz dz\ 2 Bde || Lak 
bee LD Se e% — e® ge 
a saan, walled oT 


The first method of part (a) can also be used. 
(c) By the quotient rule of Problem 3.10(c), we have 


dad. . ad 
d d (sin cos z—- 81n z — Sin Z—COS Z 
tanz = = dz dz 
dz dz \cosz cos? z 
ame for a des 2 oo 2, 
- (cos z)(cos z) — (sin z)(—sin z) _ C08" Z + sin“ z = 1 aeror 
cos? z cos? z cos? z 
d 1/2 ee 1 2 . . . 
3.13. Prove that me yl realizing that z!/? is a multiple-valued function. 
Z Z 


Solution 


A function must be single-valued in order to have a derivative. Thus, since z!/? is multiple-valued (in this case 
two-valued), we must restrict ourselves to one branch of this function at a time. 
Case 1 
Let us first consider that branch of w = z!/? for which w = 1 where z = 1. In this case, w* = z so that 
dz dw 1 dint 


ty Ww and so Re ow or Ee 21/2 
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Case 2 
Next, we consider that branch of w = z!/? for which w = —1 where z = 1. In this case too, we have w* = z 
so that 

dz dw 1 rae 1 

—— and = or [2 

dw ‘s dz 2w ee 221/2 


In both cases, we have (d/dz)z!/* = 1/(2z'/?). Note that the derivative does not exist at the branch point z = 0. 
In general, a function does not have a derivative, i.e., is not analytic, at a branch point. Thus branch points are 
singular points. 


d 1 
3.14. Prove that —Inz=-—. 
dz Z 


Solution 
Let w = Inz. Then z = e” and dz/dw = e” = z. Hence 


1 dw 1 1 
nz=—= = 
dz : dz dz/dw z 


Note that the result is valid regardless of the particular branch of In z. Also observe that the derivative does 
not exist at the branch point z = 0, illustrating further the remark at the end of Problem 3.13. 


Wile 0) 
3.15. Prove that Fs f= Fo’ 


Solution 
Let w = Ing where ¢ = f(z). Then 


dw dw dé 1 dg f@ 
dz df dz € dz f(@ 


3.16. Prove that: (a) ie sin’! z = ———,,_ (b) 4 anh"! — 
d dz 


Z 1-2 l-z 


Solution 


(a) If we consider the principal branch of sin7! z, we have by Problem 2.22 and by Problem 3.15 


i d{l 1-4 
sin 2 =< {Fin(i vA 2)} =so(ic ay 2) [ (e+ 1-2) 
Zl Laz 


=; i 2y2( 20) | (ie 1-2) 


= (14 55) (e+ I-A) = 


The result is also true if we consider other branches. 


(b) We have, on considering the principal branch, 


1 1+2z 1 1 
tanh! z= <1 ==In(14 InQ 
anh" z sn +*2) 5 int 2) 7 int 2) 
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Then 


Pe ae ee esi 1 
— tan! = n(1 +4 n = t = 
dz 5 de OD 2k DON La ONT Sg) 


Note that in both parts (a) and (b), the derivatives do not exist at the branch points z= +1. 


3.17. Using rules of differentiation, find the derivatives of each of the following: 
(a) cos?(2z + 31), (b) ztan7'(Inz), (c) {tanh !(iz+ 2)}7!,  (d) (z — 31)**?. 
Solution 
(a) Let y= 2z+3i, £=cos yn, w= 2 from which w = cos*(2z + 3i). Then, using the chain rule, we have 


dw __ dw dé dn 
dz dé dn dz 


= (2¢)(—sin n)(2) = (2. cos y)(—sin n)(2) = —4 cos(2z + 31) sin(2z + 3i) 


Another Method 


e {cos(2z + 3i)}* = 2{cos(2z + si} | cos(2: + so} 
dz dz 


= 2{cos(2z + 31)}{—sin(2z 4 si] 2c + so} 


= —4cos(2z + 31) sin(2z + 3i) 


d tan7!(1 — 7" tan tan7!(1 q 
(b) gq, }@ltan (Inz)]} = <3 [tan (In z)] + [tan (Inz)] 7) 


- 1 d “4 - 1 4 
= a 7h =| rE (nz) + tan™ (In z) = Tuga Edney + tan” “(In z) 
d -ly; -1 -ly; od ais 
(c) = {tanh ‘(iz + 2)}-° = —I{tanh™ (iz + 2)}~ — {tanh “(iz + 2)} 
dz dz 


1 one. 
mexat Ee a 


= —{tanh7!(iz 4 ai 


—i{tanh™! (iz + 2)}~? 
d= (iz +29 


d d : ) a 
pase any, 42+2] _  f (42+2) In(z—3i) | 4 (42+2) Inz—31) 4 2)1 ~ 3) 
ral iy} raG }=e Fe {(4z + 2) In(z — 3i)} 


(d) 


- Ps (Ce + 2) @ [In(z — 32)] + In(z — 3i) a (424 2| 
dz dz 


(4 2 
= gee 2+ eee so} 
z—3i 


= (z— 3i)***"(4z + 2) + 4(z — 3i)***? In(z — 3’) 


3.18. Suppose w? — 3z°w + 4Inz = 0. Find dw/dz. 


Solution 


Differentiating with respect to z, considering w as an implicit function of z, we have 


d 
dz 


> dw 3,2 dw 


4 
6zw+-=0 
dz dz Zz 


d d 
(w?) — 3—(2w) +4—(Inz)=0 or 3w 
dz dz 


. . dw bsw—4/z 
Then, solving for dw/dz, we obtain — = —~——--. 
é bie dz 3w? —3z 
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3.19. Given w = sin”!(t — 3) and z = cos(In‘). Find dw/dz. 


Solution 


dw dw/dt_1/y1—(@¢-3) t 
dz dz/dt~— —sin(nt)(1/t) ~— sindint),/1 — (t — 3° 


3.20. In Problem 3.18, find d?w/dz’. 


dw d (dw\_ d (6w-—4/z 

dz dz\ dz) dz\3w* — 322 
_ Bw? — 327)(6z dw/dz + 6w + 4/2) — (6zw — 4/z)(6w dw/dz — 62) 
~ (Bw? — 322) 


Solution 


The required result follows on substituting the value of dw/dz from Problem 3.18 and simplifying. 


L’Hospital’s Rule 


3.21. Suppose f(z) is analytic in a region 72 including the point zp. Prove that 
f(2) = f(Z0) +f Zo)(z = 20) + H(z — 20) 


where 7 — 0 as z > Z. 


Solution 
fae OI) ies ap co thd 
LO 


f@ =f Zo) +f (Zo(z — 20) = H(z — 20) 


Then, since f(z) is analytic at zo, we have as required 


{2 — f (Zo) 
Zz Z0 


Fc} =f"(zo) — f(z) = 0 


lim » = lim 
ZZ I> 


3.22. Suppose f(z) and g(z) are analytic at zo, and f(zo) = g(z) = 0 but g’(z) # O. Prove that 


jig) 
zx 9(Z) —_g'(Zo) 


Solution 


By Problem 3.21 we have, using the fact that f(zo) = g(zo) = 0, 


f@) =f Zo) +f’ Zo) — 20) + 1% — 20) =f" (Zo) — 20) + 1) (Z — 20) 
9(z) = g(z0) + 8 (zo)(z — 20) + Mz — 20) = B'(ZoZ — 20) + MZ — 20) 


where lim,-,.., = lim,_,,, 7% = 0. Then, as required, 


im f@ _ im (fo) + Mm} ~ 20) _ f’@o) 
2% B(Z) 2 {9/(Zo) + M}(Z— 2%) ~—-g"(Z0) 
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Another Method 
fen f(@ _ lim f(@) — fo) 7 8(z) — g(Zo) 


z2 9(Z) zm = Z— Zo Z-% 


= (im f(@ =f) / (jim a(z) — fe) _ fo) 


3% = Z— 2 0 = Z— 2% ~ g'(Zo) 


10 
z +1 . l—-cosz . L—cosz 
41’ (b) rat 2? (©) a sin? ¢ 


3.23. Evaluate (a) lim 
Pie | 


Solution 


(a) Let f(z) = z!°+1 and g(z) = 2° +1. Then f(i) = g(i) = 0. Also, f(z) and g(z) are analytic at z= i. 
Hence, by L’ Hospital’s rule, 
O41 102? 


li =i =lim> 7 = 
wi Otl mi 6S a3 3 


(b) Let f(z) = 1 — coszand g(z) = z*. Then f(0) = g(0) = 0. Also, f(z) and g(z) are analytic at z = 0. Hence, 
by L’Hospital’s rule, 
1 —cosz . sinz 


lim 5 = lim 
z>0 4 z>0 27 


Since f\(z) = sinz and gj(z) = 2z are analytic and equal to zero when z = 0, we can apply L’ Hospital’s 
rule again to obtain the required limit, 


z 2 


(c) Method 1. By repeated application of L’ Hospital’s rule, we have 


. Ll—cosz : sin z : COS Z 1 
lim —~ 7 = 5 = lim 7 ee 
z30 sinz 2027 C08 Z z302 cos 27 — 427 sinz 2 


. . Sinz ee ; 
Method 2. Since lim —— = 1, we have by one application of L’ Hospital’s rule, 
230 2 
7 1 —cosz i sin Z i sin Z 1 
im— = lim = lim 
z>0 sin Z” z02zc0sz* zs 0\ z 2cos z” 


i 1 1 1 

=n) in ==) =e 

z>0\ z J 250\2cos 22 2 2 
2: 


F _ sinz ‘ : 
Method 3. Since lim —.— = | or, equivalently, lim — 
z>0 Z z>0 SIN Z 


. l-cosz .. (1—cosz 2 _ l-cosz 1 
lim —. 7 = lim 5 —>)= lim 5 — 
z>0 sinz 20 Zz sin z z0 0 (Z 2: 


5 = 1, we can write 


using part (b). 


3.24. Evaluate lim,_,9 (cos z)!/ a 


Solution 


Let w = (cos z)!/ ” Then Inw = (In cos z)/z? where we consider the principal branch of the logarithm. By 
L’ Hospital’s rule, 


; ._Incosz_,,_ (—sinz)/ cosz 
lim In w = lim = lim 
z>0 z0 = «Z 20 2z 
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But since the logarithm is a continuous function, we have 
: : 1 
lim In w = In{ limw ] = —= 
z>0 z>0 2. 


or lim,_,9 w = e~!/?, which is the required value. 
Note that since lim,_,9 cos z = 1 and lim,_,9 1/z* = ©, the required limit has the “indeterminate form” 1%. 


Singular Points 


3.25. For each of the following functions, locate and name the singularities in the finite z plane and deter- 


mine whether they are isolated singularities or not. 


In(z — 2 i 
(a) FQ) =" g (b) f(z) =sec(1/z), (c) {Q=ge (d) FQa 


244)” 2 +2242)" vz 
Solution 
Zz z Zz 
(a) f@= = 2 = 3° 
t (+4 (e+ 2)(z—- WP +i)’ - 2i) 
Since 
lim (¢ — 202f(2) = lim —*_, = _ 40 
232i ~ 252i(z +21? 8 
Z= 2i is a pole of order 2. Similarly, z = —2i is a pole of order 2. 
Since we can find 6 such that no singularity other than z = 2i lies inside the circle |z — 2i| = 6 (e.g., 
choose 6= 1), it follows that z= 2i is an isolated singularity. Similarly, z= —2i is an isolated 
singularity. 


(b) Since sec(1/z) = 1/cos(1/z), the singularities occur where cos(1/z) = 0, i.e., 1/z = (2n+ 1)77/2 or 
z= 2/(2n+ 1)7, where n= 0, +1, +2, +3,.... Also, since f(z) is not defined at z= 0, it follows 
that z = 0 is also a singularity. 


Now, by L’Hospital’s rule, 


: z—2/Qn+ 1) 

lim Z-——_— f(a = in ——— 
z32/Qn+l)4 (2n+ 1)7 2 2/Qn+l)r cos(1/z) 

i 1 

im SEES PTE EE OF ATE 
z>2/Qn+l)r — sin(1/z){—1/z*} 
_ {2/Qn+1)rP  4(-1)" 
~ sin(2n + 1)a/2 (Qn+ 1-7? 


sx 


Thus the singularities z= 2/(2n+ 1)/7, 


n=0, +1, +2,... are poles of order one, ] 
i.e., simple poles. Note that these poles are 
located on the real axis at z= = /T, osm | wx 
+2/37, +2/57,... and that there are infi- ——_e—___—__e-_e—___e_ o_—_______e——- x 
nitely many in a finite interval which includes ae a ye id 
0 (see Fig. 3-9). 
Since we can surround each of these by a 


circle of radius 6, which contains no other 
singularity, it follows that they are isolated Fig. 3-9 
singularities. It should be noted that the 6 
required is smaller the closer the singularity is to the origin. 

Since we cannot find any positive integer n such that lim,_,9 (z — 0)"f(z) = A 4 0, it follows that z = 0 is 
an essential singularity. Also, since every circle of radius 6 with center at z = 0 contains singular points other 
than z = 0, no matter how small we take 6, we see that z = 0 is a non-isolated singularity. 
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(c) The point z= 2 is a branch point and is a non-isolated singularity. Also, since 2 + 2z+ 2 = 0 where 
z=—1 +i, it follows that 2 +2z+2= (z+1+i(z<+ 1-2) and that z= —1 + i are poles of order 4 
which are isolated singularities. 

(d) At first sight, it appears as if z=O is a branch point. To test this, let z= re’? = re“*?™ where 


0< 6< 27. 
0 


If z = re’®, we have 


sin(/re’9/?) 


IQ) Fgh 


If z= re(*2™ we have 


sin(/re'/*e") _ sin(—J/re'/”) _ sin(/re’*/) 


I= Jreo/2en — Jee)? Jre'/2 


Thus, there is actually only one branch to the function, and so z = 0 cannot be a branch point. 
Since lim,_,9 sin ./z/,/z = 1, it follows in fact that z = 0 is a removable singularity. 


2+A4+2 


3.26. (a) Locate and name all the singularities of f(z) = ———————_... 
®) ue (z— 132 +2) 


(b) Determine where f(z) is analytic. 


Solution 


(a) The singularities in the finite z plane are located at z= 1 and z = —2/3; z= 1 is a pole of order 3 and 
Z= —2/3 is a pole of order 2. 
To determine whether there is a singularity at z = 00 (the point at infinity), let z= 1/w. Then 


(/w)+(U/wy +2 1+wt+2wW8 

(/w —1°G/w+2" wW(1 — w+ 2w)? 

Thus, since w = 0 is a pole of order 3 for the function f(1/w), it follows that z = © is a pole of order 3 
for the function f(z). 


Then the given function has three singularities: a pole of order 3 at z= 1, a pole of order 2 at 
z= —2/3, and a pole of order 3 at z= ™. 


fU/w) = 


(b) From (a) it follows that f(z) is analytic everywhere in the finite z plane except at the points z = 1 and —2/3. 


Orthogonal Families 


3.27. Let u(x, y) = a and v(x, y) = B, where u and v are the real and imaginary parts of an analytic func- 
tion f(z) and @ and B are any constants, represent two families of curves. Prove that if f’(z) 4 0, then 
the families are orthogonal (i.e., each member of one family is perpendicular to each member of the 
other family at their point of intersection). 


Solution 


Consider any two members of the respective families, say u(x, y) = a, and u(x, y) = B, where a, and B, are 
particular constants [Fig. 3-10]. 
Differentiating u(x, y) = a, with respect to x yields 


du | Oudy _ 

ax dydx 
Then the slope of u(x, y) = ay is 

dy du sou 
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Similarly, the slope of v(x, y) = B, is 


dy av -/ Ov 
dx ax/ dy 
Now 
du dv. ov du du ov ov ou 
‘(Q=—+i-= j 0 ither — = — 40 or —=—— 40 
f@ ox "Ox dy bay yee ee ax ag ax ag 


From these equations and inequalities, it follows that either the product of the slopes is —1 (when none of the 
partials is zero) or one slope is 0 and the other infinity, i.e., one tangent line is horizontal and the other is vertical, 
when 


ou 2 dv dv ou 


ox ay ae ax ay 
Thus, the curves are orthogonal if f’(z) 4 0. 


y 


Fig. 3-10 Fig. 3-11 


3.28. Find the orthogonal trajectories of the family of curves in the xy plane which are defined by 
e *(xsin y — ycos y) = a@ where a is a real constant. 


Solution 


By Problems 3.7 and 3.27, it follows that e*(y sin y + xcos y) = B, where B is a real constant, is the required 
equation of the orthogonal trajectories. 


Applications to Geometry and Mechanics 


3.29. An ellipse C has the equation z = acos wt + bisin wt where a, b, w are positive constants, a > b, 
and f is a real variable. (a) Graph the ellipse and show that as ¢ increases from t = 0 the ellipse 
is traversed in a counterclockwise direction. (b) Find a unit tangent vector to C at any point. 


Solution 


(a) Astincreasesfrom Oto 7/20, 7/2wto7/w, m/wto37/2@, and37/2wto27/w, pointzonC 
moves from A to B, B to D, D to E, and E to A, respectively (i.e., it moves in a counterclockwise direction 
as shown in Fig. 3-11). 

(b) A tangent vector to C at any point f is 


dz 
dt 


Then a unit tangent vector to C at any point f is 


= —aw sin wt + bwicos wt 


dz/dt —aw sin wt + bwicos wt —asin wt + bicos wt 
|dz/dt| |—aw sin wt + bwicos wt| Ja? sin? wt + B2 cos? wt 
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3.30. In Problem 3.29, suppose that zis the position vector of a particle moving on C and that t is the time. 
(a) Determine the velocity and speed of the particle at any time. 
(b) Determine the acceleration both in magnitude and direction at any time. 
(c) Prove that d*z/dt? = —w’z and give a physical interpretation. 
(d) Determine where the velocity and acceleration have the greatest and least magnitudes. 
Solution 


(a) Velocity = dz/dt = —awsin wt + bwicos wt. 


Speed = magnitude of velocity = |dz/dt| = wy a2 sin? wt +b? cos? wt 


(b) Acceleration = d?z/dt? = —aw* cos wt — bw? isin wt. 


Magnitude of acceleration = |d*z/dt"| = wV a2 cos? wt + b? sin? wt 


(c) From (b) we see that 
d°z/dt’ = —aw’ cos wt — bwisin ot = —w"(a cos wt + bisin wt) = -wz 


Physically, this states that the acceleration at any time is always directed toward point O and has magni- 
tude proportional to the instantaneous distance from O. As the particle moves, its projection on the x and y 
axes describes what is sometimes called simple harmonic motion of period 277/w. The acceleration is 
sometimes known as the centripetal acceleration. 

(d) From (a) and (b), we have 


Magnitude of velocity = wy). a sin? wt + b2(1 — sin? wt) = wy) (a2 — b?) sin? wt + b? 


Magnitude of acceleration = w* a cos? wt + b2(1 — cos? wt) = w*/(a2 — b?) cos? wt + Bb? 


Then, the velocity has the greatest magnitude [given by wa] where sin wt = +1, i.e., at points B and E 
[Fig. 3-11], and the least magnitude [given by wh] where sin wt = 0, i.e., at points A and D. 
Similarly, the acceleration has the greatest magnitude [given by w*a] where cos wt = +1, i.e., at 
points A and D, and the least magnitude [given by w”b] where cos wt = 0, i.e., at points B and E. 
Theoretically, the planets of our solar system move in elliptical paths with the Sun at one focus. In 
practice, there is some deviation from an exact elliptical path. 


Gradient, Divergence, Curl, and Laplacian 


3.31. Prove the equivalence of the operators: 


) ) ) r) 0 ) 
(a) ax az . az’ (b) oy (2 4 peg ines 


Solution 


If F is any continuously differentiable function, then 


OF OF dz. OF dz OF OF ; : Cnr?) 
= —— = + — showing the equivalence — = —+ —. 
ox dozdox dzox dz oa ox dz (OZ 
OF OF oz OF OOF (4 OF Ci =i OF OF 
dy acdy way ow w& \& & 


(a) 


; : 0. 06fda ¢@ 
(b) showing the equivalence — = i{ — — 


dy \az_ az) 
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a a a ees, a a 
3.32. Show that (a) V = i— =2—, (b) V= i—=2-. 
owen) iy say az (®) ox oy oz 


Solution 


From the equivalences established in Problem 3.31, we have 


a F) er) a 
(a) ee, oe + e( ~) =23 
ox Oy) ozs Oz Oz oz 


a 8 gy OB a a 
(b) V= i—= fi e( =) =2 
ox Oy. Zs az OZ 0z 


3.33. Suppose F(x, y) = c [where c is a constant and F is continuously differentiable] is a curve in the xy 
plane. Show that grad F = VF = (0F /ox) + i(0F/dy), is a vector normal to the curve. 


Solution 


We have dF = (dF /dx)dx + (dF /dy)dy = 0. In terms of dot product [see page X], this can be written 


OF | OF GeO 
ey er 


But dx + idy is a vector tangent to C. Hence VF = (0F'/0x) + i(0F /dy) must be perpendicular to C. 


iP P IB 
3.34. Show that 00 +i 00 + 2 =) ag where B(z, Z) = P(x, y) + iQ(x, y). 
ax oy ax oy Oz 


Solution 


From Problem 3.32, VB = 2(0B/dz). Hence 


a. .9\,... _aP a0, (a0, aP eB 
ve= (Tine Peay ( ) 


3.35. Let C be the curve in the xy plane defined by 3x’y — 2y? = 5x*y? — 6x’. Find a unit vector normal 
to C at (I, —1). 


Solution 


Let F(x, y) = 3x?y — 2y? — 5x*y? + 6x” = 0. By Problem 3.33, a vector normal to C at (1, —1) is 


oF 
VF == +i5 = (@y 20x3y? + 12x) + (3x? — 6y? — 10x4y) = —144 Ti 
x Oy 


; . 1447 —2+i . _2- 
Then a unit vector normal to C at (1, —1) is . Another such unit vector is 


14 = i 
|-144- 7) 5 J5- 


3.36. Suppose A(x, y) = 2xy — ix’y*. Find (a) grad A, (b) div A, (c) |curl Al, (d) Laplacian of A. 


Solution 

a a 
(a) gradA=VA= (5 i) (2xy ix’y?) = ° (2xy ix’y?) { iy 
= 2y — 2ixy? i(2x 3ix’y’) = 2y+3xy* 4 i(2x 2xy*) 


(2xy iy? ) 
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: <s Ce) : 
(b) divA=V-A = Re{VA} = Ref (; i;,) (2xy iv)| 


=} ayy — 2 ey) = 2-327 
ox oy 


(c) |curl A] = |V x A] = |Im{VA}] = Im (3 i (239 ay) 
ox oy 
a a 
= |Ey) - ac) = | -2xy* — 24] 


PA PA 
a2 | 


= & 
(d) Laplacian A = V7A = Re{VVA} = = i (2xy — ix*y?) 4 (2xy — ix*y?) 
ax? dy? 


a a 
= —(2y — 2ixy®) + — 2x — 3ix 6ix-y 
ox ay 


Miscellaneous Problems 


3.37. Prove that in polar form the Cauchy—Riemann equations can be written 


du lav a lau 


dr rd0’ ar rae 


Solution 


We have x=rcosé, y=rsinOdorr=/x2+y?, @=tan7!(y/x). Then 


du dudr dudd du x s( -y ) = Hoos a 1 du 9 
by? 2 r 


ax oradx d0dx ar 


du oudr  oudd du y ou x ou, 1 ou 
= = = —siné4 cos 0 
dy drdy dbdy ar \ /y2 +4 y? 00 \x? + y? or roo 


Similarly, 
dv. dvor dvod av lov . 
= =—cos 0 sin 0 
ox orox d00d0x or r 00 
dv. ovor davod aw. 1 ov 
= =—sin@4 cos 0 
dy ordy d0dy or roe 


From the Cauchy—Riemann equation du/dx = dv/dy we have, using (1) and (4), 


du 1 dv bia oF 1 du dapei 
dr roe dr rode 


From the Cauchy—Riemann equation du/dy = —(dv/dx) we have, using (2) and (3), 


ah eu sin 6-4 eae cos 80 = 0 
dr roe or roe 


Multiplying (5) by cos 0, (6) by sin 6 and adding yields 


() 


(2) 


(3) 


(4) 


(5) 


(6) 
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3.38. Prove that the real and imaginary parts of an analytic function of a complex variable when expressed 
in polar form satisfy the equation [Laplace’s equation in polar form] 


ry lov 1°yP 


=0 
or as or ee ae 
Solution 
From Problem 3.37, 
dv du 
30 =r Or (1) 
dv 1 ou 
See oe 2 
or r0@é @) 
To eliminate v differentiate (1) partially with respect to r and (2) with respect to 6. Then 
ev a (av a ( du eu du 
= = r =F t (3) 
dr0@ or \00 or \ Or or? oor 
ov a (av r) 1 ou 1@u (4) 
d0dr00\ar)” -<86\ a0)” rae 
But 
Pv &v 
drd0 ddr 
assuming the second partial derivatives are continuous. Hence, from (3) and (4), 
Yu du 10u Yu lou 18u 
r t = or t t =0 
or2 oar r ae ar2 rér) or? 0 


Similarly, by elimination of u, we find 


tv la, Lev 
are rar) 20 


so that the required result is proved. 


3.39. Suppose w = f(£) where ¢ = g(z). Assuming f and g are analytic in a region R, prove that 


dz = dt dz 
Solution 


Let z be given an increment Az ¥ 0 so that z + Az is in R. Then, as a consequence, ¢ and w take on increments 
Aé and Aw, respectively, where 


Aw =f(€+ Ag) -f(Q), A= g(zt Az) — g(z) (1) 
Note that as Az > 0, we have Aw > 0 and A¢g — 0. 


If AZ £0, let us write e = (Aw/AZ) — (dw/dZ) so that e > 0 as AZ > 0 and 


Aw = htt eAg (2) 
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If AZ = 0 for values of Az, then (1) shows that Aw = 0 for these values of Az. For such cases, we define € = 0. 
It follows that in both cases, A¢ 4 0 or AZ = 0, (2) holds. Then dividing (2) by Az 4 0 and taking the limit 
as Az — 0, we have 


dw iss Aw im dwAg. Aw 
= = € 
dz Azso Az Azso\dé Az Az 
dw... Ag... . Aw 
= —.- lim —+ lim e- lim — 
dé Az>0 Az Az>0 Az>0 Az 
_ dw doy dg dw dé 
~ dl dz’ dz df d& 


3.40. (a) Suppose u(x, y) = du/dx and u2(x, y) = du/dy. Prove that f"(z) = u1(z, 0) — iue(z, 0). 
(b) Show how the result in (a) can be used to solve Problems 3.7 and 3.8. 
Solution 


(a) From Problem 3.5, we have f’(z) = a 
x 


Putting y = 0, this becomes f’(x) = u(x, 0) — iu2(x, 0). 


_ Ou : 
i— = uy (x, y) — iug(x, y). 
dy 


Then, replacing x by z, we have as required f’(z) = u1(z, 0) — iu2(z, 0). 


(b) Since we are given u = e *(xsiny — ycosy), we have 
=e “siny — xe siny + ye * cosy 


ou 
u(x, y) = 


= xe “*cosy+ye “siny—e*cosy 


ax 
ou 
U(X, y) = ay 


so that from part (a), 


f'@ = u(z, 0) — iun(z, 0) = 0 — i(ze* — e*) = —i(ze* — e&*) 
Integrating with respect to z we have, apart from a constant, f(z) = ize~*. By separating this into real and 
imaginary parts, v = e-*(ysiny + xcos y) apart from a constant. 
3.41. Suppose A is real or, more generally, suppose Im A is harmonic. Prove that |curl grad A| = 0. 


Solution 


If A= P+ Qi, we have 


grad A = : ee eos” OO (26 4 2 
ox oy ox oy dy ox 


|curl grad A| = |Im g i g) [6 22 i gE f 00 
ax  dy/ dx dy dy ox 
Ps oP FO (#P FO (FP #0 oP #O 
= t 1 1 t t 
ax? ax dy ax dy ax? dydx dy? dy? dy ax 
vO vO 
ax? dy? 


Then 


Hence if Q = 0, ie., A is real, or if Q is harmonic, |curl grad A| = 0. 
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eU  eU _ poy 


3.42. Solve the partial differential equation + = y. 
ax2 dy 


Solution 


Let z=x-+ iy, =x -— iy so that x = (¢+2)/2, y = (z — 2)/2i. Then x” — y* = 1(z? + 2) and 


PU  #U 
ax * 


#U 
=VU=4 
dy? a dz OZ 


Thus, the given partial differential equation becomes 4(d°U/dz dz) = H(z? + 2) or 
a/W\ 15. > 
—f— SS 1 
= (=) gl +7) () 


Integrating (1) with respect to z (treating z as constant), 


OU ae z 
eee a 2 
DA apne 1(2) (2) 
where F(Z) is an arbitrary function of z. Integrating (2) with respect to z, 
353 
ie me 7 
U=—4 + F(z) +G 3 
m4 + 34 (2) + G@) (3) 


where F(Z) is the function obtained by integrating F(z), and G(z) is an arbitrary function of z. Replacing z and z 
by x + iy and x — iy, respectively, we obtain 


U= oa y*) + F(x — iy) + G& + iy) 


SUPPLEMENTARY PROBLEMS 


Derivatives 
3.43. Using the definition, find the derivative of each function at the indicated points. 


iia 44s 5 45529 DIOS" BSS OA Se esas 
Z+2i 


d 
3.44. Prove that ZED does not exist anywhere. 
z 
3.45. Determine whether |z|* has a derivative anywhere. 


3.46. For each of the following functions determine the singular points, i.e., points at which the function is not 
z 3z—2 
, (b : 
zt+i (b) 2+2z2+5 


analytic. Determine the derivatives at all other points. (a) 


Cauchy-Riemann Equations 


3.47. Verify that the real and imaginary parts of the following functions satisfy the Cauchy—Riemann equations and 
thus deduce the analyticity of each function: 


(a) f(a =24+5iz+3-i, (b) f(a =ze~, (c) f(z = sin2z. 


3.48. Show that the function x? + iy is not analytic anywhere. Reconcile this with the fact that the Cauchy— 
Riemann equations are satisfied at x = 0, y = 0. 


3.49. Prove that if w = f(z) = u + iv is analytic in a region R, then dw/dz = dw/dx = —i(dw/dy). 


3.50. 


3.51. 
3.52. 


3.53. 


3.54. 


3.55. 
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(a) Prove that the function uv = 2x(1 — y) is harmonic. (b) Find a function v such that f(z) = u + iv is analytic 
[i.e., find the conjugate function of u]. (c) Express f(z) in terms of z. 


Answer Problem 3.50 for the function u = x* — y? — 2xy — 2x 4+ 3y. 


Verify that the Cauchy—Riemann equations are satisfied for the functions (a) e, (b) cos 2z, (c) sinh 4z. 


Determine which of the following functions u are harmonic. For each harmonic function, find the conjugate 
harmonic function v and express u + iv as an analytic function of z. 


(a) 3x2y + 2x7 — y3 —2y*,  (b) 2xy + 3xy? — 2y?,  (c) xe% cosy — ye®siny, (d) e~*” sin(x* — y’). 


(a) Prove that & = In[(x 1)? 4 (y 2)?] is harmonic in every region which does not include the point (1, 2). 
(b) Find a function @ such that @ + iw is analytic. (c) Express @ + iw as a function of z. 


Suppose Im{f’(z)} = 6x(2y — 1) and f(0) = 3 — 2i, f(1) =6—5i. Find f(1 +i). 


Differentials 


3.56. 
3.57. 


3.58. 


3.59. 


3.60. 


3.61. 


Let w = iz? —4z+ 3i. Find (a) Aw, (b) dw, (c) Aw— dw at the point z = 2i. 


Suppose w = (2z+ 1)°, z= —i, Az = 1 +i. Find (a) Aw and (b) dw. 


Suppose w = 3iz? + 2z+1—3i. Find (a) Aw, (b) dw, (c) Aw/Az, (d) dw/dz where z = i. 


A inA in? (Az/2 
(a) Suppose w = sinz. Show that “ =COS Z ions 2 sinz mee) ‘ 
Az Az Az 


sin Az 
Az 


d 
(b) Assuming lima, = |, prove that a = COS Z. 
z 


(c) Show that dw = (cos z) dz. 

(a) Let w = Inz. Show that if Az/z = ¢ then Aw/Az = (1/z) In{(1 + 91/4}. 
(b) Assuming limz,o (1 + Q'/5 = e prove that dw/dz = 1/z. 

(c) Show that d(In z) = dz/z. 


Giving restrictions on f(z) and g(z), prove that 


(a) d{f(oa(2} = fs'@ + gf’ (@}dz 
(b) d{ f(@)/g(2} = {gf @ —f@g’@}dz/{g@} 


Differentiation Rules. Derivatives of Elementary Functions 


3.62. 


3.63. 


3.64. 


Suppose f(z) and g(z) are analytic in a region R. Then prove that 


(a) d/dz{2if(z) — (1 + )g@} = 2if'@ — A + dg'@, (b) d/da{ FOV = Af, 
(©) d/d{f@}"" = —f@} °F’. 


Using differentiation rules, find the derivatives of each of the following functions: 
(a) (1+ 4i2? —3z-—2, (b) 2z24+3(-1, ©) Qz2-)/(Z+2), @ Qiz+1’, © (Gz-1D)%. 


Find the derivatives of each of the following at the indicated points: 


(a) 2+ 2)G—-2/Qz-1),z=i1, b){z+C+ DP, z=14i. 
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3.65. 


3.66. 


3.67. 


3.68. 


3.69. 


3.70. 


3.71. 


3.72. 


3.73. 


3.74. 


3.75. 


3.76. 


3.77. 


d d 
Prove that (a) nee =secztanz, (b) woote = —csc” z. 
z z 


d Z d 2z+2 
Prove that (a 24 1)!?= , (b In(?? + 2z+2) = 
( a! ) (22 + 1)'/2 ( we ( ) 2+2z2+2 


indicating restrictions if any. 


Find the derivatives of each of the following, indicating restrictions if any. 


(a) 3sin*(z/2), (b) tan3(z2 — 3z + 41), (c) In(secz+tanz), (d) esc{(z? + 1)!/7}, (e) (2 — 1) cos(z + 2i). 


d d 1 
Prove that (a) rau ty? = 321 + 27)!/7, (b) + 2V2"" = 30 PEt 2a MG/e+ 1). 


Prove that (a) “¢ “2 (by %¢ a) : 
rove that (a) —(tan™ z) = —(sec' Z) = 
dz 241 dz wz —1 
d 1 d -1 
Prove that (a) —sinh7! z= , (b) —esch7!z = ———_. 
dz V1+2 dz we +1 


Find the derivatives of each of the following: 
(a) {sin7'(2z— 1)}*, (c) cos7!(sinz—cosz), (e) coth™!(zcsc 2z) 
(b) In{cot~! z7}, (d) tan“! (z+3i)'*, 9 (f) In —34 V2 — 3z + 21) 


Suppose w = cos7!(z — 1), z = sinh(@f+ 2i) and = /t. Find dw/dt. 


Let w = tsec(t — 3i) and z= sin" '(2t— 1). Find dw/dz. 
Suppose w? — 2w+ sin2z=0. Find (a) dw/dz, (b) dw/dz. 


Given w = cos é, z= tan({+ qi). Find d?w/dz* at £= 0. 


Find (a) d/dz{z'"*}, (b) d/dz{[sin(iz — ayn e430} 
Find the second derivatives of each of the following: 


(a) 3sin’(2z -1+i), (b) Intanz?, (c) sinh(z+1)?, (d) cos7'(Inz),  (e) sech7!/1 + z. 


L’Hospital’s Rule 


3.78. 


3.79. 


3.80. 


3.81. 


2 
zt+4 
Evaluate (a) lim, 22 + 3 —4i)z — 61’ 


2 _ Qiz—1 
b) lim (¢—e/3)(_*—), © lim {= 
Oy Sean e (5 A) ey ae 


. Z-—sinz . f[ & 
Evaluate (a) lim 3 ©«(b) lim (¢—m7i)|— : 
z>0 Zz Z>mti sin Z 


—1/,2 2: 
Pind din Me 2) 
zi sin?(z2 + 1) 


sin z\'/ 
Evaluate lim (=) : 
z->0 Z 


where the branch of the inverse tangent is chosen such that tan~! 0 = 0. 


Singular Points 


3.82. 


3.83. 


3.84. 


For each of the following functions locate and name the singularities in the finite z plane. 


2 3z In(z + 31) ee 5 COS Z 
Orzpaae Ow Osi di), @ Vxuz+1), (e) ae 


Show that f(z) = (z+ 3°/(¢ — 2z +5)? has double poles at z= 1 + 2i and a simple pole at infinity. 


Show that e* has an essential singularity at infinity. 


3.85. 
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Locate and name all the singularities of each of the following functions. 


(a) (z+3)/(2—1), (b) csc(1/2), (©) (2 + D/z*”. 


Orthogonal Families 


3.86. 


3.87. 


3.88. 


3.89. 


Find the orthogonal trajectories of the following families of curves: 
(a) ey—xy =a, (b) e*cosy+xy=a. 
Find the orthogonal trajectories of the family of curves r? cos 20 = a. 


By separating f(z) = z+ 1/z into real and imaginary parts, show that the families (77 + 1)cos @ = ar and 
(r? — 1)sin @= Br are orthogonal trajectories and verify this by another method. 


Let n be any real constant. Prove that r” = asecné@ and r” = Bcscné are orthogonal trajectories. 


Applications to Geometry and Mechanics 


3.90. 


3.91. 


3.92. 


3.93. 


A particle moves along a curve z = e ‘(2 sint + icosf). 
(a) Find a unit tangent vector to the curve at the point where t = 77/4. 
(b) Determine the magnitudes of velocity and acceleration of the particle at t = 0 and 7/2. 


A particle moves along the curve z = ae'’. (a) Show that its speed is always constant and equal to wa. 

(b) Show that the magnitude of its acceleration is always constant and equal to wa. 

(c) Show that the acceleration is always directed toward z = 0. 

(d) Explain the relationship of this problem to the problem of a stone being twirled at the end of a string in a 
horizontal plane. 


The position at time f of a particle moving in the z plane is given by z = 3fe~*”. Find the magnitudes of 
(a) the velocity, (b) the acceleration of the particle at t = 0 and t = 7. 


A particle P moves along the line x + y = 2 in the z plane with a uniform speed of 3,/2 ft/sec from the point 
z= —54+7i to z= 10— 8i. If w = 22” —3 and P’ is the image of P in the w plane, find the magnitudes of 
(a) the velocity and (b) the acceleration of P’ after 3 seconds. 


Gradient, Divergence, Curl, and Laplacian 


3.94. 
3.95. 


3.96. 


3.97. 
3.98. 
3.99. 
3.100. 


Let F =x*y—xy?. Find (a) VF, (b) VF. 
Let B= 3z*+4z. Find (a) grad B, (b) div B, (c)|curl Bl, (d) Laplacian B. 


Let C be the curve in the xy plane defined by x? — xy + y* = 7. Find a unit vector normal to C at 
(a) the point (—1, 2), (b) any point. 


Find an equation for the line normal to the curve x?y = 2xy + 6 at the point (3, 2). 


Show that V?| f(z) |? = 4| f’(2 |’. Ilustrate by choosing f(z) = 2 + iz. 


Prove V7{FG} = FV7G+ GV°F +2VF-VG 


Prove div grad A = 0 if A is imaginary or, more generally, if Re{A} is harmonic. 


Miscellaneous Problems 


3.101. 


Let f(z) = u(x, y) + iv(x, y). Prove that: 


(a) f(z) = 2u(z/2, — iz/2) + constant, (b) f(z) = 2iv(z/2, — iz/2) + constant. 
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3.102. 


3.103. 


3.104. 


3.105. 


3.106. 


3.107. 
3.108. 
3.109. 


3.110. 


3.111. 


3.112. 
3.113. 
3.114. 


3.115. 


3.116. 


3.117. 


Use Problem 3.101 to find f(z) if (a) u(x, y) = x* — 6x*y* + y*,  (b) v(x, y) = sinhx cosy. 


Suppose V is the instantaneous speed of a particle moving along any plane curve C. Prove that the normal com- 
ponent of the acceleration at any point of C is given by V7/R where R is the radius of curvature at the point. 


Find an analytic function f(z) such that Re{f’(z)} = 3x? — 4y — 3y” and f( + i) = 0. 


Show that the family of curves 
2 2 

iets St 

a+r B+A 
with —a? < A < —b’ is orthogonal to the family with A > —b*? > —a?. 
Prove that the equation F(x, y) = constant can be expressed as u(x, y) = constant where u is harmonic if and 
only if the following is a function of F: 

OF /dx* + PF /dy* 

(aF /ax)? + (0F /ay)* 


Illustrate the result in Problem 3.106 by considering (y + 2)/(x — 1) = constant. 
Let f(z) = 0 ina region R. Prove that f(z) must be a constant in 7. 


Suppose w = f(z) is analytic and expressed in polar coordinates (r, 6). Prove that 
dw _ ig 
dz or 


Suppose u and v are conjugate harmonic functions. Prove that 


Given u and v are harmonic in a region R. Prove that the following is analytic in R: 


ou ov [ou ov 
ti 
dy ox ox oy 


Prove that f(z) = |z|* is differentiable but not analytic at z = 0. 


Given f(z) is analytic in a region R and f(z) f(z) £0 in R, prove that y= In| f(z)| is harmonic in FR. 


Express the Cauchy—Riemann equations in terms of the curvilinear coordinates (& 1) where 
x=ecoshyn, y=eésinhy. 


Show that a solution of the differential equation 


2 
PQ, dO 


L 
dt? 


} 2 = Bocos ur 


where L, R, C, Ep and w are constants, is given by 


E lot 
Q = Rey" 
iw[R + i(wl — 1/@C)] 
The equation arises in the theory of alternating currents of electricity. 


[Hint. Rewrite the right hand side as Eye’ and then assume a solution of the form Ae’ where A is to be 
determined. ] 


Show that V7{f(z)}" = n?| f(2)""7| f(@/’, stating restrictions on f(z). 


You 8 
Solve the partial differential equation { = ; 
Ox2 dy? x2 + y? 


3.118. 


3.119. 
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4 4 
Bae kets au, CU , #U aU 
Prove that V°U = V*(V*U) = ant ? aay? t ay azar” 
aU aU | #U 
Solve the partial differential equation od B22 ay = 36(x7 + y’). 


ANSWERS TO SUPPLEMENTARY PROBLEMS 


3.43. 
3.46. 
3.53. 


(a) 12 + 4i, (b) —5i, (c) 3/2 + 3i/2 3.50. (b) 2y +x? — y?, (c) iz + 2z 


(a) —i, i/(z + iy*; (b) -1 42%, (19 +42-32)/(2 +2245" 3.51. (b) x? — y? + 2xy — 3x - 2y 


(a) v = 4xy — 4 3xy? +. ¢, f(2) = 22 — iz? + ic, (b) Not harmonic 


(c) ye‘ cosy + xe" siny + c, ze’ + ic, (d) —e2 cos(x2 — y?) +c, —ie®” + ic 


(b) —2tan“'(y — 2)/(« — 1}, (©) 2iIn(z — 1 — 20) 3.55. 6+ 3i 


(a) —8Az + i(Az)* = —8 dz = i(dz)’, (b) —8 dz, (c) i(dz* 3.57. (a) 38 — 2i, (b) 6 — 42i 


(a) —4Az + 3i(Az)*, (b) —4 dz, (c) —4 + 3iAz, (d) —4 

(a) (2 + 8i)z — 3, (b) 4z +i, (c) Si/(z + 2i)”, (d) 4i — 8z, (e) —3i(iz — 1)“ 

(a) —6/5 + 3i/5, (b) —108 — 78i 

(a) 3 sin(z/2) cos(z/2), (b) 3(2z — 3) tan?(z? — 3z + 4) sec*(z* — 3z + 4i) (c) secz 


(a) —zese{(z” + 1)'/?} cot{(z? + 1)'/7} 
Cae 
(a) 2sin7!(2z — 1)/(z — 22)!”, (b) —2z/(1 + z*) cot! 2’, (c) —(sinz + cos z)/(sin 2z)'/”, 


(d) —1/2(z + 1+ 3i)(z + 3i)'”, (e) (cse2z)(1 — 2z cot 2z)/(1 — 22 esc? 2z), (£) 1/V22 — 3z + 2i 
—3[cosh(3¢ + 21)]/2(2z — 22)'/741/2 3.73. sec(t — 31){1 + rtan(¢t — 31)}(t — 2)!/? 


(ec) (1 — 2°) sin(z + 2i) + 2zcos(z + 2i) 


(a) (cos 2z)/(1 — w), (b) {cos? 2z — 2(1 — w)? sin2z}/(1 — w)°, 3.75. —cosh* a 

(a) 22!" Inz, (b) {[sin(ig — 2)]*" "+3 }{i tan“!(z + 31) cot(iz — 2) + [In sin(iz — 2)]/[z2 + 6iz — 8]} 

(a) 24 cos(4z — 2 + 23), (b) 4 csc 222 — 1622 csc 2z* cot 2z* 

(c) 2cosh(z + 1)? + 4(z + 1) sinh(z + 1)”, (d) (1 — Inz— In? z)/2(1 — In? z)?/? 

(e) —i(1 + 3z)/40 + 2)°2*/? 

(a) (16 + 12i)/25, (b) (1 — iV3)/6, (c) -1/4 3.79. (a) 1/6, (b) e”"/coshma 3.80. 1 3.81. 1/6 


(a) z= —1 +73; simple poles (d) z= 0, +i; branch points 

(b) z= —3i; branch point, z = 0; pole of order 2 (e) z= —i; pole of order 3 

(c) z= 0; logarithmic branch point 

(a) z= +1; simple pole 

(b) z= 1/.fm7, m = +1, +2, +3,...; simple poles, z = 0; essential singularity, z = 0; pole of order 2 
(c) z = 0; branch point, z = ©; branch point 

(a) x* — 6x*y? + y* = B, (b) 2e* siny+2x°-y=B 3.87. r’sin26= B 


(a) +i, (b) Velocity: J/5, /5e~7/*. Acceleration: 4, 2e~7/? 


(a) 3, 371 + 167”, (b) 24, 24/1 + 47° 3.93. 24,/10, (b) 72 
(a) (2xy — y?) + ix? — 2xy), (b) 2y — 2x 3.95. (a) 8, (b) 12x, (c) |12y|, (d) 0 


(a) (—44+ 5i)//41, (b) (2x — y + i2y — x)}//5x2 — Bxy + 5y? 3.97. x = 8t+3, y= 3r+2 
O42i°+6-2i, 3.417. U=tHin@? +}? + 2{tan7!(y/x)}? + F(t iy) + GO — iy) 


U=LO? +y’P + et iy)Fie — iy) + G(x — iy) + = iy) F(x + iy) + Go(x + iy) 


CHAPTER 4 


Complex Integration 
and Cauchy’s Theorem 


4.1 Complex Line Integrals 


Let f(z) be continuous at all points of a curve C [Fig. 4-1], which we shall assume has a finite length, i.e., C 
is a rectifiable curve. 


Fig. 4-1 


Subdivide C into n parts by means of points z,, Z2,..., Z,—1, chosen arbitrarily, and call a = z, b = 2. 
On each arc joining z,_, to z, [where k goes from 1 to n], choose a point &. Form the sum 


Sn =F (EZ — a) +f (82) G2 — 21) +++ +£(E CO — Zn-1) (4.1) 


On writing z% — z—1 = Az, this becomes 


n 


Sn = 5 FEE - 4-1) = D> (GAz (4.2) 


k=1 k=1 


Let the number of subdivisions n increase in such a way that the largest of the chord lengths |Az;| 
approaches zero. Then, since f(z) is continuous, the sum S, approaches a limit that does not depend on 
the mode of subdivision and we denote this limit by 


b 


[ro dz or [ro dz (4.3) 
C 


a 
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called the complex line integral or simply line integral of f(z) along curve C, or the definite integral of f(z) 
from a to b along curve C. In such a case, f(z) is said to be integrable along C. If f(z) is analytic at all points 
of a region FR and if C is a curve lying in ®, then f(z) is continuous and therefore integrable along C. 


4.2 Real Line Integrals 


Let P(x, y) and Q(x, y) be real functions of x and y continuous at all points of curve C. Then the real line 
integral of Pdx + Qdy along curve C can be defined in a manner similar to that given above and is 
denoted by 


| [P(x, y) dx + O(x, y) dy] or |p dx + Qdy (4.4) 
C Cc 


the second notation being used for brevity. If C is smooth and has parametric equations x = @(t), y = Wt) 


where ft, < ft < fo, it can be shown that the value of (4) is given by 
ty 


| [P{ b(t), WH} PD dt + OL), WH} W (1 dt] 


q 


Suitable modifications can be made if C is piecewise smooth (see Problem 4.1). 


4.3 Connection Between Real and Complex Line Integrals 


Suppose f(z) = u(x, y) + iv, y) = u + iv. Then the complex line integral (3) can be expressed in terms of 
real line integrals as follows: 


[ro dz= ic + iv)(dx + idy) 


Cc Cc 
= [uae vay +i| vdr+udy (4.5) 
Cc Cc 


For this reason, (4.5) is sometimes taken as a definition of a complex line integral. 


4.4 Properties of Integrals 


Suppose f(z) and g(z) are integrable along C. Then the following hold: 


(a) |r (z) + g(z)} dz = |r (z)dz+ Ee dz 


Cc Cc 


(b) | Af(zjdz=A | Ff(z)dz where A = any constant 


Cc 


f(oadz=— | f(z)dz 


ros 


m b 
foadaz= | f(@dzt+ | f(2@dz_ where points a, b, m are on C 


a m 


(d) 


wo. 

OQ 

— 
Eo ee | 


(e) | | rods < ML 
Cc 


where | f(z)| < M, 1.e., M is an upper bound of |f(z)| on C, and L is the length of C. 
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There are various other ways in which the above properties can be described. For example, if T, U, and V 
are successive points on a curve, property (c) can be written fiyy f(2) dz = — yy, f(@ dz. 

Similarly, if C, C,, and C2 represent curves from a to b, a to m, and m to b, respectively, it is natural for us 
to consider C = C; + C, and to write property (d) as 


| f(adz= | fede+ | red 


Ci4+Cy Cc C2 


4.5 Change of Variables 


Let z = g(Z) be a continuous function of a complex variable = u + iv. Suppose that curve C in the z plane 
corresponds to curve C’ in the ¢ plane and that the derivative g’(Z) is continuous on C’. Then 


|r dz = | figQ}s'(f) dg (4.6) 


Cc Cc 


These conditions are certainly satisfied if g is analytic in a region containing curve C’. 


4.6 Simply and Multiply Connected Regions 


A region R is called simply-connected if any simple closed curve [Section 3.13], which lies in 7, can be 
shrunk to a point without leaving R. A region R, which is not simply-connected, is called multiply- 
connected. 

For example, suppose R is the region defined by |z| < 2 shown shaded in Fig. 4-2. If [ is any simple 
closed curve lying in 7 [i.e., whose points are in R], we see that it can be shrunk to a point that lies in 
R, and thus does not leave #, so that # is simply-connected. On the other hand, if R is the region 
defined by 1 < |z| < 2, shown shaded in Fig. 4-3, then there is a simple closed curve I’ lying in R that 
cannot possibly be shrunk to a point without leaving 7, so that ? is multiply-connected. 


y y y 


Fig. 4-2 Fig. 4-3 Fig. 4-4 


Intuitively, a simply-connected region is one that does not have any “holes” in it, while a multiply- 
connected region is one that does. The multiply-connected regions of Figs. 4-3 and 4-4 have, respectively, 
one and three holes in them. 
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4.7 Jordan Curve Theorem 


Any continuous, closed curve that does not intersect itself and may or may not have a finite length, is called 
a Jordan curve [see Problem 4.30]. An important theorem that, although very difficult to prove, seems intui- 
tively obvious is the following. 

Jordan Curve Theorem. A Jordan curve divides the plane into two regions having the curve as a 
common boundary. That region, which is bounded [i.e., is such that all points of it satisfy |z| <M 
where M is some positive constant], is called the interior or inside of the curve, while the other region is 
called the exterior or outside of the curve. 

Using the Jordan curve theorem, it can be shown that the region inside a simple closed curve is a 
simply-connected region whose boundary is the simple closed curve. 


4.8 Convention Regarding Traversal of a Closed Path 


The boundary C of a region is said to be traversed in the positive sense or direction if an observer travelling 
in this direction [and perpendicular to the plane] has the region to the left. This convention leads to the 
directions indicated by the arrows in Figs. 4-2, 4-3, and 4-4. We use the special symbol 


$f) dz 
Cc 


to denote integration of f(z) around the boundary C in the positive sense. In the case of a circle [Fig. 4-2], the 
positive direction is the counterclockwise direction. The integral around C is often called a contour integral. 


4.9 Green’s Theorem in the Plane 


Let P(x, y) and Q(x, y) be continuous and have continuous partial derivatives in a region R and on its bound- 
ary C. Green’s theorem states that 


a oP 
} Par+ ody = || (2-5) dx dy (4.7) 
6; R 


The theorem is valid for both simply- and multiply-connected regions. 


4.10 Complex Form of Green’s Theorem 


Let F(z, z) be continuous and have continuous partial derivatives in a region ® and on its boundary C, 
where z = x + iy, Z = x — iy are complex conjugate coordinates [see page 7]. Then Green’s theorem can 
be written in the complex form 


; F(z, Zdz= 2i || dA (4.8) 
Cc R 


where dA represents the element of area dx dy. 
For a generalization of (4.8), see Problem 4.56. 
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4.11 Cauchy’s Theorem. The Cauchy-Goursat Theorem 


Let f(z) be analytic in a region R and on its boundary C. Then 


$f) dz=0 (4.9) 
Cc 


This fundamental theorem, often called Cauchy’s integral theorem or simply Cauchy’s theorem, is valid for 
both simply- and multiply-connected regions. It was first proved by use of Green’s theorem with the added 
restriction that f’(z) be continuous in R [see Problem 4.11]. However, Goursat gave a proof which removed 
this restriction. For this reason, the theorem is sometimes called the Cauchy—Goursat theorem [see 
Problems 4.13—4.16] when one desires to emphasize the removal of this restriction. 


4.12 Morera’s Theorem 


Let f(z) be continuous in a simply-connected region and suppose that 


$f) dz=0 (4.10) 
Cc 


around every simple closed curve C in ?. Then f(z) is analytic in R. 

This theorem, due to Morera, is often called the converse of Cauchy’s theorem. It can be extended to 
multiply-connected regions. For a proof, which assumes that f’(z) is continuous in , see Problem 4.27. 
For a proof, which eliminates this restriction, see Problem 5.7, Chapter 5. 


4.13 Indefinite Integrals 


Suppose f(z) and F(z) are analytic in a region 7 and such that F’(z) = f(z). Then F(z) is called an indefinite 
integral or anti-derivative of f(z) denoted by 


Fa = | fod (4.11) 


Just as in real variables, any two indefinite integrals differ by a constant. For this reason, an arbitrary con- 
stant c is often added to the right of (11). 


d 
EXAMPLE 4.1: Since d (32? 4 sin z) = 6z— 4cos z, we can write 
Z 


| (-—4e0s2) dz = 32 —Asinz+c 


4.14 Integrals of Special Functions 


Using results on page 80 [or by direct differentiation], we can arrive at the results in Fig. 4-5 (omitting a 
constant of integration). 


= 


cos zdz = sinz 


cot zdz = Insinz 


sec zdz = In(sec z + tan z) 
= Intan(z/2 + 77/4) 


csc zdz = In(csc z — cot z) 
= In tan(z/2) 


sec” zdz = tanz 
2 = 
esc“ zdz = —cotz 


sec ztan zdz = secZ 


esc zcot zdz = —cscz 


| 
| 
| 
| 
| 
| 
| tancds = Inseez = —Ineos: 
| 
| 
| 
| 
| 
| 


| sinh zdz = coshz 
| cosh z dz = sinh z 


| tanh z dz = Incoshz 
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18. 


24. 


28. 


30. 


31. 


32. 


33. 


Fig. 4-5 


| 
| 


coth zdz = Insinhz 


sech zdz = tan™! (sinh z) 


esch zdz = —coth™! (cosh z) 


sech” zdz = tanhz 


esch* zdz = —cothz 


sech z tanh zdz = —sechz 
cesch zcoth zdz = —cschz 
dz 
———— = In(z+ 2+ @) 
V2+ a 
dz Ea -1Z 
5} on tan or —-— cot °— 
zwt+a a a a a 
dz 1 za 
5 7 = In 
za 2a zta 
dz 10% at} 
=sin-— or -—cos — 
a a= 2 a 
dz ig Zz 
Wet? a4 \at+veit+2 
dz “1 1 42 
=-—cos or sec 
Z 2 _— a2 a a a 


e“ sin bz dz = 


e“ cos bzdz = 


e“(asin bz — bcos bz) 
a +b? 


e“(acos bz + bsin bz) 
a +b? 
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4.15 Some Consequences of Cauchy’s Theorem 


Let f(z) be analytic in a simply-connected region 7. Then the following theorems hold. 


THEOREM 4.1. Suppose a and z are any two points in R. Then 


[re dz 


is independent of the path in R joining a and z. 


THEOREM 4.2. Suppose a and z are any two points in R and 


GQ= | flo dz (4.12) 


Then G(z) is analytic in R and G'(z) = f(z). 


Occasionally, confusion may arise because the variable of integration z in (4.12) is the same as the upper 
limit of integration. Since a definite integral depends only on the curve and limits of integration, any symbol 
can be used for the variable of integration and, for this reason, we call it a dummy variable or dummy 
symbol. Thus (4.12) can be equivalently written 


z 


G(z) = | rerac (4.13) 
THEOREM 4.3. Suppose a and b are any two points in R and F’(z) = f(z). Then 
b 


|r dz = F(b) — F(a) (4.14) 


a 
This can also be written in the form, familiar from elementary calculus, 


b 
or [FOr = F(b) — F(a) (4.15) 


a 


b 
xe dz = F(z) 


a 


1-i 
EXAMPLE 4.2: | Azdz = 22 


3i 


1-i 
= 2(1 — i)” — 2(3i)? = 18 — 4i 


3i 


THEOREM 4.4. Let f(z) be analytic in a region bounded by two simple closed curves C and C; [where C, 
lies inside C as in Fig. 4-6(a)] and on these curves. Then 


$f dz = | f(z) dz (4.16) 
Cc Ci 


where C and C, are both traversed in the positive sense relative to their interiors [counter- 
clockwise in Fig. 4-6(a)]. 


The result shows that if we wish to integrate f(z) along curve C, we can equivalently replace C by any 
curve C, so long as f(z) is analytic in the region between C and C, as in Fig. 4-6(a). 
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(a) (b) 
Fig. 4-6 


THEOREM 4.5. Let f(z) be analytic in a region bounded by the non-overlapping simple closed curves 
C, Ci, Co, C3,..., Cy where Ci, C2,..., Cy, are inside C [as in Fig. 4-6(b)] and on 
these curves. Then 


} slorde = } f(a) de+ } fla) de+ veep } fede (4.17) 
Cc Ci Cy 


This is a generalization of Theorem 4.4. 


SOLVED PROBLEMS 


Line Integrals 


4.1. Evaluate hs x (2y + x*) dx + (3x — y) dy along: (a) the parabola x = 21, y = f° + 3; (b) straight lines 
from (0, 3) to (2, 3) and then from (2, 3) to (2, 4); (c) a straight line from (0, 3) to (2, 4). 


Solution 

(a) The points (0, 3) and (2, 4) on the parabola correspond to t = 0 and t = 1, respectively. Then, the given 
integral equals 

1 1 

| [2(0? + 3) + (28)7]2 dt + [3(21) — (° +3)]2tdt = | czar + 12 — 28 — 6t)dt = 

=0 0 


33 
2 


(b) Along the straight line from (0, 3) to (2, 3), y = 3, dy = 0 and the line integral equals 
2 2 mn 
(6+ x7) dx + Bx —3)0= | (64 Y) de => 


x=0 x=0 


Along the straight line from (2, 3) to (2, 4), x = 2, dx = 0 and the line integral equals 
4 4 
|e 40+ 6 —y)dy = i (6-)dy =? 

y=3 y=3 


Then, the required value = 44/3 + 5/2 = 103/6. 
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(c) An equation for the line joining (0, 3) and (2, 4) is 2y — x = 6. Solving for x, we have x = 2y — 6. Then, 
the line integral equals 
4 
[2y + (2y — 6)” ]2 dy + [3(2y — 6) — y]dy = | ey? 39y + 54) dy = 
3 3 


97 
6 


|| ey 


The result can also be obtained by using y = 5(x + 6). 


4.2. Evaluate Jo za from z= 0 to z= 4 + 2i along the curve C given by: (a)z=f +it, 


(b) the line from z = 0 to z = 27 and then the line from z = 27 to z= 4+ 2i. 


Solution 
(a) The points z = 0 and z= 4+ 2i on C correspond to tf = 0 and t = 2, respectively. Then, the line integral 
equals 
2 2 2 5g 
| (2+ind? +in= iG it)(2t + i) dt = [er if? +t) dt = 10 ; 
0 


t=0 0 


Another Method. The given integral equals 


Jo iy)(dx 4 idy) = | xax + ydy 4 i| xay ydx 
ce C C 


The parametric equations of C are x = t?, y= f from tf = 0 to t = 2. Then, the line integral equals 


2 2 
| (t?)(2t dt) + (t)(dt) +i | (t”)(dt) — (t)(2t dt) 
=0 


t=0 t= 


2 2 
= |r + t)dt4 if ’) dt = 10 ; 
0 0 


(b) The given line integral equals 


[oe iy)(dx + idy) = |xav +t ydy+4 i|xay ydx 

Cc Cc Cc 
The line from z = 0 to z = 27 is the same as the line from (0, 0) to (0, 2) for which x = 0, dx = 0 and the 
line integral equals 


as) 
as) 


2 
(0)(0) + ydy +i | (O)(dy) — YO) = | ydy =2 


y=0 y=0 y=0 


The line from z = 2i to z = 4+ 27 is the same as the line from (0, 2) to (4, 2) for which y = 2, dy = 0 
and the line integral equals 
4 4 4 


4 
[ xdv+2-04% | x-0 2dr =| xax+i 2dx = 8 — 81 
x=0 x=0 0 


Then, the required value = 2 + (8 — 81) = 10 — 8i. 
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4.3. Suppose f(z) is integrable along a curve C having finite length L and suppose there exists a positive 
number M such that | f(z)| < M on C. Prove that 


| f(2) dz} < ML 
Cc 
Solution 


By definition, we have on using the notation of page 111, 


[ro dz = lim Y) f(G)Aze (1) 
Now A k=1 
Sf dAze| < D> 1 FE) | [Azel 
k=1 k=1 
. (2) 
<M » |Azz| 
k=1 
< ML 
where we have used the facts that | f(z)| < M for all points zon Cand that )~;_, |Az;| represents the sum of all the 
chord lengths joining points z,_; and z,, where k = 1, 2,..., , and that this sum is not greater than the length 
of C. 


Taking the limit of both sides of (2), using (1), the required result follows. It is possible to show, more 
generally, that 


[ro dz| < ic) \dz| 


Cc Cc 
Green’s Theorem in the Plane 


4.4. Prove Green’s theorem in the plane if C is a simple closed curve which has the property that any 
straight line parallel to the coordinate axes cuts C in at most two points. 


Solution 


Let the equations of the curves EGF and EHF (see Fig. 4-7) be y = Y,(x) and y = Y>(x), respectively. If 7e is 
the region bounded by C, we have 


f Y2(x) 
oP oP 
—dxdy = — dy |dx 
ay dy 
R x=e| y=Y)(x) 


= | Poi ee | Pe. Yo) — P(x, ¥,)] dx 
y=Y1 (x) 


x=e e 


e 


f 
= - | Po. Y,) dx — | Pe: Y2) dx = -} Pas 
e ‘ Cc 


Then 


} Pas = -|| 5 ava (1) 
dy 
Cc R 
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Similarly, let the equations of curves GEH and GFH be x = X\(y) and x = X2(y), respectively. Then 


h X2(y) h 
0 cl] 
[Bacar= [| | Sar] ar=[toce.» - oc. may 
x ox 
R Y=8 | X=*X10) 8 


Cc 


h 
OX, y)dy +  o0%.»0ap = | Qdy 
& 


Ho 


Then 
} oay= || Cay (2) 
Ox 


QQ 
a 


Adding (1) and (2), 


y 


d, ) 


Fig. 4-8 


Fig. 4-7 


4.5. Verify Green’s theorem in the plane for 


(2x — x") dx + (x + y*) dy 
C 


where C is the closed curve of the region bounded by y = x? and y? = x. 


Solution 
The plane curves y = x” and y* = x intersect at (0, 0) and (1, 1). The positive direction in traversing C is as 


shown in Fig. 4-8. 
Along y = x’, the line integral equals 


1 1 
(2x)(x7) — x7} dx + {x + 0°} dO?) = | QP 4x 4 ey eee 
6 
0 


x=0 


Along y* = x, the line integral equals 


0 0 
17 
[ 2090) - 0140 H iy 4 Pydy = | ay" 2y° + 2y")dy = — 7 
1 


y=l 


CHAPTER 4 Complex Integration and Cauchy’s Theorem 


Then the required integral = 7/6 — 17/15 = 1/30. On the other hand, 


00 OP a 3 
\| (2 = =) dxdy = \| {= (x+y’) Ss (2xy | dx dy 
R R 


1 Vx 
= {fa — 2x)dxdy = | | (1 — 2x) dy dx 
R x=0 yay? 
1 vx 1 
= | (y — 2xy) ax = |"? 2x7/? — x? 4 2) de = 3 
x=0 y=x? 0 


Hence, Green’s theorem is verified. 


4.6. Extend the proof of Green’s theorem in the plane given in Problem 4.4 to curves C for which lines 
parallel to the coordinate axes may cut C in more than two points. 


Solution 


Consider a simple closed curve C such as shown in Fig. 4-9 in which lines parallel to the axes may meet C in 
more than two points. By constructing line ST, the region is divided into two regions R, and 72 which are of 
the type considered in Problem 4.4 and for which Green’s theorem applies, i.e., 


| Pdx+Qdy= {| (2 =) dx dy (1) 
STUS Ri 

| Pdx+Qdy= {| (2 =) dx dy (2) 
SVTS R : 


Adding the left-hand sides of (1) and (2), we have, omitting the integrand P dx + Q dy in each case, 


Jer olen eel edema 


STUS  SVTS ST TUS SVT TS TUS SVT TUSVT 


using the fact that [°, = —J.. 


Adding the right-hand sides of (1) and (2), omitting the integrand, 


Then 


Pdx4 dQ. OP 
x+  Qdy= ax ay dx dy 
R 


TUSVT 


and the theorem is proved. We have proved Green’s theorem for the simply-connected region of Fig. 4-9 
bounded by the simple closed curve C. For more complicated regions, it may be necessary to construct 
more lines, such as ST, to establish the theorem. 


Green’s theorem is also true for multiply-connected regions, as shown in Problem 4.7. 
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4.7. 


4.8. 


y 


Fig. 4-9 Fig. 4-10 


Show that Green’s theorem in the plane is also valid for a multiply-connected region R such as 
shown shaded in Fig. 4-10. 


Solution 


The boundary of ®, which consists of the exterior boundary AH/KLA and the interior boundary DEFGD, is to 
be traversed in the positive direction so that a person traveling in this direction always has the region on his/her 
left. It is seen that the positive directions are as indicated in the figure. 

In order to establish the theorem, construct a line, such as AD, called a cross-out, connecting the exterior and 
interior boundaries. The region bounded by ADEFGDALKJHA is simply-connected, and so Green’s theorem is 


valid. Then 
0 oP 
Pdx4 ody= || 2 dx dy 
ax oy 
R 


ADEFGDALKJHA 


But the integral on the left, leaving out the integrand, is equal to 


ae ioe east be, 


AD DEFGD DA _ ALKJHA DEFGD  ALKJHA 


since Ni p= —h A Thus, if C; is the curve ALKJHA, C) is the curve DEFGD and C is the boundary of R con- 
sisting of C; and C) (traversed in the positive directions with respect to R), then Se + i = $e and so 


} Pas ow=||(2 x) dvds 
ox dy 
Cc R 


Let P(x, y) and Q(x, y) be continuous and have continuous first partial derivatives at each point of a 
simply-connected region R. Prove that a necessary and sufficient condition that $e Pdx+Qdy=0 
around every closed path C in R is that dP/dy = 0Q/ox identically in R. 


Solution 


Sufficiency. Suppose 0P/dy = 0Q/dx. Then, by Green’s theorem, 


| Pdx4 ody= || (z =) dxdy = 0 
Cc x dy 
R 


where F is the region bounded by C. 
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Necessity. Suppose $e P dx + Qdy = O around every closed path C in R and that dP/dy 4 0Q/dx at some point 
of 7. In particular, suppose dP/dy — dQ/dx > 0 at the point (Xo, yo). 

By hypothesis, dP/dy and 0Q/dx are continuous in FR so that there must be some region 7 containing (Xo, yo) 
as an interior point for which dP/dy — dQ/dax > 0. If T is the boundary of 7, then by Green’s theorem 


} Pas ow=||(2 ©) dvdy > 0 
Tr 


T 


contradicting the hypothesis that $e P dx + Qdy = 0 for all closed curves in R. Thus, Q/dx — dP/dy cannot 
be positive. 

Similarly, we can show that 0Q/dx — dP/dy cannot be negative and it follows that it must be identically 
zero, i.e., OP/dy = 0Q/dx identically in R. 

The results can be extended to multiply-connected regions. 


4.9. Let P and Q be defined as in Problem 4.8. Prove 
that a necessary and sufficient condition that y 
fe Pdx + Qdy be independent of the path in Rk 
joining points A and B is that dP/dy = 0Q/dx Si 
identically in R. D 


Solution A 


Sufficiency. If P/dy = 0Q/dx, then by Problem 4.8 


Pdx+Qdy=0 % 
ADBEA 


Fig. 4-11 
[see Fig. 4-11]. From this, omitting for brevity the 
integrand P dx + Qdy, we have 


[pele “ise [Peal sie 
ADB BEA ADB BEA AEB on CQ 


i.e., the integral is independent of the path. 
Necessity. If the integral is independent of the path, then for all paths C; and C2 in R, we have 


-[ f-fo 
C. Cy ADB AEB ADBEA 
From this, it follows that the line integral around any closed path in 7? is zero and hence, by Problem 4.8, that 
dP /dy = dQ/ox. 
The results can be extended to multiply-connected regions. 
Complex Form of Green’s Theorem 
4.10. Suppose B(z, Z) is continuous and has continuous partial derivatives in a region F and on its 


boundary C, where z=x-+iy and z=.x-—/iy. Prove that Green’s theorem can be written in 
complex form as 


IB 

| BZ, z)dz = 2|| a dx dy 
az 

Cc R 
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Solution 


Let B(z, z) = P(x, y) + iQ(x, y). Then, using Green’s theorem, we have 


} Be ade = $( + iO)(dx 4 idy) =} Pa Ody 4 if Od + Pay 


Cc Cc Cc Cc 


= \| (2 + =) dx dy 4 ill (Z ~) dx dy 
ox ay ox dy 
R 
: dP dQ\ (oP  aQ 
=| le ») (5 2) on 
R 


from Problem 3.34, page 101. The result can also be written in terms of curl B [see page 85]. 


Cauchy’s Theorem and the Cauchy-Goursat Theorem 


4.11. Prove Cauchy’s theorem $e f(@ dz = O if f(z) is analytic with derivative f’(z) which is continuous at 


all points inside and on a simple closed curve C. 


Solution 


Since f(z) = u + iv is analytic and has a continuous derivative 


; du ov. ov. du 
SOS. tt = i 
ox ax dy dy 
it follows that the partial derivatives 
du ov 
= (1) 
ox dy 
dv ou 
ee (2) 
ox ay 


are continuous inside and on C. Thus, Green’s theorem can be applied and we have 


pread= 4 (u + iv)(dx 4 idy) =} wa vdy4 if vd + udy 


Cc Cc Cc Cc 
a a ou a 
-|| 2) ax dy 4 ill 4) aedy =0 
ax oy ox dy 
R R 


using the Cauchy—Riemann equations (1) and (2). 

By using the fact that Green’s theorem is applicable to multiply-connected regions, we can extend the result 
to multiply-connected regions under the given conditions on f(z). 

The Cauchy—Goursat theorem [see Problems 4.13—4.16] removes the restriction that f’(z) be continuous. 


Another Method. 
The result can be obtained from the complex form of Green’s theorem [Problem 4.10] by noting that if 
B(z, Z) = f(z) is independent of z, then dB/dz = 0 and so $e f(z) dz = 0. 
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4.12. Prove (a) $e dz = 0, (b) $e zdz = 0, (c) $c (z — 29) dz = 0 where C is any simple closed curve and z 
is a constant. 


Solution 


These follow at once from Cauchy’s theorem since the functions 1, z, and z — zp are analytic inside C and have 
continuous derivatives. 
The results can also be established directly from the definition of an integral (see Problem 4.90). 


4.13. Prove the Cauchy—Goursat theorem for the case of a triangle. 


Fig. 4-12 Fig. 4-13 


Solution 


Consider any triangle in the z plane such as ABC, denoted briefly by A, in Fig. 4-12. Join the midpoints D, E, 
and F of sides AB, AC, and BC, respectively, to form four triangles (Ay, Ay, Am, and Ary). 
If f(z) is analytic inside and on triangle ABC, we have, omitting the integrand on the right, 


} flode = f+]+] 


ABCA DAE EBF- FCD 
| | | | | | | | | | | | | } | ) | 
= T T T T T T T T 
DAE ED EBF- FE FCD DF DE EF FD 


-fefe fel 


DAED EBFE FCDF DEFD 
= }fede+ } fe) de+ } flerde+ } feorac 
A An An Ai 


where, in the second line, we have made use of the fact that 


ED DE FE EF DF 
Then 
fred < } ferac + } fe) de + } forac + } fede (1) 
A Ay An Am Ai 


Let A, be the triangle corresponding to that term on the right of (1) having largest value (if there are two or 
more such terms, then A, is any of the associated triangles). Then 


fede <4 } florde (2) 


A Ai 
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4.14. 


By joining midpoints of the sides of triangle A,, we obtain similarly a triangle A, such that 


$f dz| <4 $f dz (3) 
Ay A 

so that 
pte) dz) <4 $f) dz (4) 
A Ao 


After n steps, we obtain a triangle A,, such that 


pre dz| <4 $f) dz (5) 


A An 


Now A, Aj, Ao, Az,... is a sequence of triangles, each of which is contained in the preceding (i.e., a sequence 
of nested triangles), and there exists a point zy which lies in every triangle of the sequence. 

Since Zp lies inside or on the boundary of A, it follows that f(z) is analytic at zo. Then, by Problem 3.21, 
page 95, 


f(2) =f (20) +f (Zo) — 20) + H(z — 20) (6) 


where, for any € > 0, we can find 6 such that |7| < € whenever |z — zo| < 6. 
Thus, by integration of both sides of (6) and using Problem 4.12, 


$f pe | etre (7) 
A, A, 


Now, if P is the perimeter of A, then the perimeter of A, is P, = P/2”. If zis any point on A,, then as seen 
from Fig. 4-13, we must have |z — z| < P/2” < 6. Hence, from (7) and Property e, page 112, we have 


f PP. €F? 


} feorde = = *"5n" 9n qn 


An An 
Then (5) becomes 


p2 
fred <4" SS = ep 
A 


Since € can be made arbitrarily small, it follows that, as required, 


fftede =0 


A 


Prove the Cauchy—Goursat theorem for any closed polygon. 


Solution 


Consider, for example, a closed polygon ABCDEFA such as indicated in Fig. 4-14. By constructing the 
lines BF, CF, and DF, the polygon is subdivided into triangles. Then, by Cauchy’s theorem for triangles 
[Problem 4.13] and the fact that the integrals along BF and FB, CF and FC, and DF and FD cancel, we 
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find as required 


faz = | fodct | foact | rote | fod=o 


ABCDEFA ABFA BCFB CDFC DEFD 


where we suppose that f(z) is analytic inside and on the polygon. 
It should be noted that we have proved the result for simple polygons whose sides do not cross. A proof can 
also be given for any polygon that intersects itself (see Problem 4.66). 


Fig. 4-14 Fig. 4-15 


4.15. Prove the Cauchy—Goursat theorem for any simple closed curve. 


Solution 


Let us assume that C is contained in a region R in which f(z) is analytic. 

Choose n points of subdivision z;, Z2,..., Z, on curve C [Fig. 4-15] where, for convenience of notation, we 
consider Zp = z,. Construct polygon P by joining these points. 

Let us define the sum 


Sn = >> faz 
k=1 


where Az, = z — z_. Since 


lim S, = | faz 


Cc 


where the limit on the left means that n — ©o in such a way that the largest of |Az,| — 0. It follows that, given 
any € > 0, we can choose N so that for n > N 


pide 84] <5 (1) 


Cc 


Consider now the integral along polygon P. Since this is zero by Problem 4.14, we have 


rede =0= | fode+ | feode+ seep | fod 
P 0 Z1 Zn-1 
= [rere +renae poses | ve fn) + fZn)} dz 


= [ure —fladpdzt--+ | {f(2) — fn} dz + Sn 


ra) Zn-1 
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4.16. 


so that 
oe [tren ON ee | ten —Fe dz 


Let us now choose N so large that on the lines joining zp and z, z; and Z,... 


IF@-fOl<5-. @)-fOl<zr  W@d-F@Il <5 


2L 
where L is the length of C. Then, from (2) and (3), we have 


ZI Zn 


Zn-1 


ISnl < [ten —reyae + [trad rela: ces | ren) -fenae 


Zo 


or 


€ € 
ISnl <= {lz1 — Zol + |lz2 — zal +--+ + lan anil} = 5 


~ 2L 


From 


i dz= f fle) de — Sot Sn 


we have, using (1) and (4), : 


pita) de < fede Sn] + |Sn| < cee 


C. Cc 


Thus, since € is arbitrary, it follows that $e f(z) dz = 0 as required. 


Prove the Cauchy—Goursat theorem for multiply-connected regions. 


Solution 


(2) 


(3) 


(4) 


We shall present a proof for the multiply-connected region 7 bounded by the simple closed curves C; and C2 
as indicated in Fig. 4-16. Extensions to other multiply-connected regions are easily made (see Problem 4.67). 


Fig. 4-16 


Construct cross-cut AH. Then the region bounded by ABDEFGAHJIHA is simply-connected so that by 


Problem 4.15, 


f(adaz=0 
ABDEFGAHJIHA 


Hence 


f(z@dz+ | foac+ | f(zZdz+ | fade =0 


ABDEFGA AH HJIH HA 
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Since [,,, f(z) dz = — fi, f(2 dz, this becomes 


f@dzt+ | f(@@daz=0 
ABDEFGA HJIH 


This, however, amounts to saying that 


pred =0 


Cc 


where C is the complete boundary of R (consisting of ABDEFGA and HJIH) traversed in the sense that an 
observer walking on the boundary always has the region R on his/her left. 


Consequences of Cauchy’s Theorem 


4.17. Suppose f(z) is analytic in a simply-connected region R. Prove that i F(z) dz is independent of the 
path in 7 joining any two points a and b in RF [as in Fig. 4-17]. 


Solution 


By Cauchy’s theorem, 


f(@dz=0 
ADBEA 
or 
| f(@dzt+ | f(adaz=0 
ADB BEA 
Hence 
| f@az=— | fQa= | f(@) dz 

Thus ADB BEA AEB 


[ro dz = | reac = fre dz 


Cc Cr 


which yields the required result. 


Fig. 4-17 Fig. 4-18 
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4.18. 


4.19. 


4.20. 


Let f(z) be analytic in a simply-connected region 7 and let a and z be points in R. Prove that 
(a) F(z) = ie f(@) du is analytic in R and (b) F’(z) = f(z). 


Solution 


We have 


A =a 
Eee = te ee =| | Aide fre a — Fl) 
-LY 


d) 
{fw —f@}d 


By Cauchy’s theorem, the last integral is independent of the path joining z and z + Az so long as the path is in 
R. In particular, we can choose as a path the straight line segment joining z and z + Az (see Fig. 4-18) provided 
we choose |Az| small enough so that this path lies in 7. 

Now, by the continuity of f(z), we have for all points u on this straight line path | f(u) — f(z)| < € whenever 
lu — z| < 6, which will certainly be true if |Az| < 6. 

Furthermore, we have 


z+Az 


| { flu) — f(2)} du 


z 


< e{Az| (2) 


so that from (1) 
zt+Az 


| Lf(u) —fle)) du 


<e 


o + Az) — F(z) 
Az 


fea) = 5 iA 


for |Az| < 6. This, however, amounts to saying that 
. F(z+ Az) — F(z) 
lin 
Az>0 Az 


ie., F(z) is analytic and F’(z) = f(z). 


= f(z), 


A function F(z) such that F’(z) = f(z) is called an indefinite integral of f(z) and is denoted by 
J f(@ dz. Show that (a) f{ sin zdz = —cosz +c, (b) f dz/z = Inz +c where c is an arbitrary constant. 
Solution 


(a) Since d/dz(—cosz-+ c) = sinz, we have fsinzdz =—cosz+c. 
(b) Since d/dz(nz+c) = 1/z, we have f dz/z =Inz+e. 


Let f(z) be analytic in a region # bounded by two simple closed curves C; and C2 [shaded in 
Fig. 4-19] and also on C; and C). Prove that $c, f(adz= $c, F(z) dz, where C; and C) are both tra- 
versed in the positive sense relative to their interiors [counterclockwise in Fig. 4-19]. 


Solution 


Construct cross-cut DE. Then, since f(z) is analytic in the region R, we have by Cauchy’s theorem 


f(adz=0 


or DEFGEDHJKLD 


| foac+ | foat | roact | f(@@az=0 
DE 


EFGE ED DHJKLD 
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Hence since Jf, f(z) dz = — Jen f(z) dz, 


| f@ad=- | foa= | fou or } forde= $ferde 


DHJKLD EFGE EGFE Cc Cy 


J 


Fig. 4-19 Fig. 4-20 


4.21. Evaluate $.dz/z — a where C is any simple closed curve C and z = a is (a) outside C, (b) inside C. 


Solution 
(a) Ifa is outside C, then f(z) = 1/(z — a) is analytic everywhere inside and on C. Hence, by Cauchy’s 
theorem, $..dx/z—a= 0. 


(b) Suppose a is inside C and let I be a circle of radius € with center at z = aso that I is inside C (this can be 
done since z = a is an interior point). 
dz dz 
| = | () 
z—a zZ—a 
ce 


By Problem 4.20, 
Now on I, |z—a| =€ or z—a= ee", ie, z=a+ ec!*, 0 < 9 < 27. Thus, since dz = iee'’ dé, the 
right side of (1) becomes 


Qa i646 2 

| ee =i | d0=2ni 
€e 

6=0 


which is the required value. 


4.22. Evaluate ; ye n= 2,3,4,... where z= a is inside the simple closed curve C. 
Z-a 


C. 
Solution 


As in Problem 4.21, 


| dz = dz 
c(z—a)" Jr(z—a)y" 


20 é QT 
feiss : 
_ [ie dé aoe, ol-mi0 ag 
eleind en-l 
0 0 
i eil-mie Qa 1 


[erm = 1] —0 


~ eT nil) U—njer! 


where n # 1. 
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4.23. Let C be the curve y = x? — 3x7 +4x— 1 joining points (1, 1) and (2, 3). Find the value of 
Jc 122 — 4iz) dz. 


Solution 


Method 1. By Problem 4.17, the integral is independent of the path joining (1, 1) and (2, 3). Hence, any path can 
be chosen. In particular, let us choose the straight line paths from (1, 1) to (2, 1) and then from (2, 1) to (2, 3). 
Case 1. Along the path from (1, 1) to (2, 1), y= 1, dy=0 so that z=x+iy =x-+i, dz = dx. Then, the 
integral equals 


2 
= 20 + 30i 


2 
| {12(« + i) — 4i(x + )} dx = {4@ +7 — 21+ 17} 
1 


1 


Case 2. Along the path from (2, 1) to (2, 3), x = 2, dx = 0 so that z= x+ iy = 2 + iy, dz = idy. Then, the 
integral equals 


3 


3 
| {12(2 + iy) — 4i(2 + iy) }idy = {42 + iy’ — 2i(2 + iy)”}| =-176 + 83 
y=l : 
Then, adding the required value = (20 + 301) + (—176 4+ 81) = —156 + 38i. 
Method 2. The given integral equals 
243i 59) 
| (122 — 4iz) dz = (42° —2i¢)| = —156 + 38: 
ii on 
It is clear that Method 2 is easier. 
Integrals of Special Functions 
4.24. Determine (a) | sin3zcos 3z dz, (b) { cot(2z + 5) dz. 
Solution 
(a) Method 1. Let sin3z = u. Then, du = 3 cos 3z dz or cos 3z dz = du/3. Then 
du 1 lu 
in3 3zdz= |u—==|udu= -— 
| sin ZCOS 3z dz [us ;|« 7] 32° 
=. 2 4+¢= —sin*3z+c 
6 6 
Method 2. 
. lf. . 1., 
sin 3zcos 3z dz = 3 sin 3z d(sin 3z) = ra 3z+c¢ 
Method 3. Let cos 3z = u. Then, du = —3 sin 3zdz or sin3zdz = —du/3. Then 
{sing cos 3z d: | d ae L503 
=—-xz]}udu= uo+c= tC 
z zdz 3 6 1 6 Z+C| 


Note that the results of Methods 1 and 3 differ by a constant. 


(b) Method 1. 


_ [eosz+5) 
{ couax + 5) dz = ecereonc 


CHAPTER 4 Complex Integration and Cauchy’s Theorem 


Let uv = sin(2z+ 5). Then du = 2 cos(2z + 5) dz and cos(2z + 5) dz = du/2. Thus 


Sek S\de. tite. 1 ons 
= Se inne 
| sin(2z + 5) 5|¢ pe EC Care 


Method 2. 


1 
= —Insin(2z-+5 
Hes 2 ee 


[ cou2e+ ae {= + 5) 4 = [SS +5)} 


sin@z+5).. 2 


4.25. (a) Prove that { F(z)G'(z) dz = F(z)G(z) — | F'(2)G(z) dz. 
(b) Find f ze dz and f ze dz, 
(c) Find f z* sin 4z dz and li "2 sin 4z dz. 
(d) Evaluate {.. (z+ 2)e" dz along the parabola C defined by 7y = x° from (0, 0) to (7, 1). 


Solution 
(a) We have 


d{F(z)G(z)} = F(2)G'(z) dz + F'(2)G(z) dz 
Integrating both sides yields 


| aF@Ge) = F(z)G(z) = [race dz+ [race dz 


Then 


[race dz = F(z)G(z) — Fr "(z)G(z) dz 


The method is often called integration by parts. 
(b) Let F(z) =z, G’(z) = e*. Then F(z) = 1 and G(z) = 5e"%, omitting the constant of integration. Thus, by 
part (a), 


[x dz= |r (2)G'(z) dz = F(z)G(z) — |r "(z)G(z) dz 


il 1 1 1 
=a(5) [pede = 520% qe te 


Hence 


(c) Integrating by parts choosing F(z)= 2, G'(z)=sin4z, we have 


IE: sin4zdz = 2( 700s 4:) [eof cos +) dz 


1 1 
= “9G cosde +5 | zeosdedz 


Integrating this last integral by parts, this time choosing F(z) = z and G’(z) = cos 4z, we find 


1 1 1 1 
| zcosdedz = a; sin4z) [o(jsinae) dz= qisindz + Te cos 4z 
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Hence 
> sin 4zd ee > cos 4z 4 : sin 4z 4 Deke d tC 
Zz Zdz= rhe z+ eZ z+ 35 Z4 
and 
21 
2 sin4dzdz = —7 4 : a wr 
"32 32 


0 
The double integration by parts can be indicated in a suggestive manner by writing 


a. 2 1 tees, ; 1 
IE sin 4zdz = (z ( 700842) 2a( resid) { (2)( osc) tC 


1 1 1 
= = Zz cos4z + gc sindz + 2, cos 4z 


where the first parentheses in each term (after the first) is obtained by differentiating z? successively, the 
second parentheses is obtained by integrating sin 4z successively, and the terms alternate in sign. 

(d) The points (0, 0) and (7, 1) correspond to z = 0 and z= 7+. Since (z+ 2)e” is analytic, we see by 
Problem 4.17 that the integral is independent of the path and is equal to 


1+i 


Ke I Dede = {« | (5) ay oh 
0 
0 


i(r+i) _ 
=(7 Li 4 »(< ) ellt+i) 2 1 


TH+i 


1 


= —2e7! —14+i2+4+ me! 42074) 


d. 1 1 —ai 
4.26. Show that | ee Te te=—lIn a a 46s. 
C+a a a Qai \z tai 


Solution 


Let z= atanu. Then 


| dz | asec” u du ‘fal Vi 12 
= = = —tan t 
2+ a2 @(tanzu+1) a im oe 
Also, 
i 1 er ae 1 
2+a2 (z—ai\(z+ai) 2ai\z-—ai z+ai 
and so 


| dz =| dz ml dz 
2+ar 2aiJz—ai 2ai}z+ai 


1 1 1 a 
Se ee ee ee Th eee | (ecm Bo 
2ai 2ai 
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Miscellaneous Problems 
4.27. Prove Morera’s theorem [page 115] under the assumption that f(z) has a continuous derivative in 7. 
Solution 
If f(z) has a continuous derivative in R, then we can apply Green’s theorem to obtain 


pfade=p ude—vdy +i bods +udy 


Cc Cc Cc 
ov a du a 
-|| a ee dx dy 4 ‘|| saga dx dy 
ox dy ox dy 
R R 


Then, if ¢. f(z) dz = 0 around every closed path C in R, we must have 


pude—vdy=0, pvdr+udy=0 
Cc Cc 
around every closed path C in R. Hence, from Problem 4.8, the Cauchy—Riemann equations 
du ov dv ou 
ax ay ox dy 


are satisfied and thus (since these partial derivatives are continuous) it follows [Problem 3.5] that 
u+iv= f(z) is analytic. 


4.28. A force field is given by F = 3z + 5. Find the work done in moving an object in this force field along 
the parabola z = 7? + it from z = 0 to z= 4 +2. 


Solution 


Total work done = | Fede = Re | Fd = Re faz+syd 
Cc res G 


1 
= Re 3] ade+5| a = Re{3(10 ;') + 5(4 4 20} = 50 
€ Cc 


using the result of Problem 4.2. 
4.29. Find: (a) [en sin bx dx, (b) [en cos bx dx. 


Solution 


Omitting the constant of integration, we have 


elatib)x 


jee dx= : 
at+ib 
which can be written 


e“(cos bx + isinbx) — e“(cos bx + isin bx)(a — ib) 
at+ib ~ a+b? 


| e(cos bx + isin bx) dx = 
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Then equating real and imaginary parts, 


e“(acos bx + bsin bx) 
e cos bx dx = 5 
a + b? 
[e sin by dv = OL Si Ox = 8 008 bx) 
ete 


4.30. Give an example of a continuous, closed, non-intersecting curve that lies in a bounded region R but 
which has an infinite length. 


Solution 


Consider equilateral triangle ABC [Fig. 4-21] with sides of unit length. By trisecting each side, construct equi- 
lateral triangles DEF, GHJ, and KLM. Then omitting sides DF, GJ, and KM, we obtain the closed 
non-intersecting curve ADEFBGHJCKLMA of Fig. 4-22. 


Fig. 4-21 Fig. 4-22 Fig. 4-23 


The process can now be continued by trisecting sides DE, EF, FB, BG, GH, etc., and constructing equilat- 
eral triangles as before. By repeating the process indefinitely [see Fig. 4-23], we obtain a continuous closed 
non-intersecting curve that is the boundary of a region with finite area equal to 


lf 4 a(s) ~~ (i) 8 en(z) 2 ee 


4 3) 4 9) 4 | 4 
MB ace Rad: Ve 1 3/3 
~ 4 3° 9! ~ 41-1/3” 8 


or 1.5 times the area of triangle ABC, and which has infinite length (see Problem 4.91). 


4,31. Let F(x, y) and G(x, y) be continuous and have continuous first and second partial derivatives in a 
simply-connected region R bounded by a simple closed curve C. Prove that 


dG 0G YG &G dF 0G dF 0G 
F d. dy) = F dx d 
f G x ») I Gaul ae” By | — 
Cc R 


Solution 


a a 
Let P= re, Q= 2 in Green’s theorem so 
x 


IY 
} Pas ow=||(2 x) dvds 
ox dy 


Cc R 
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Then as required 


aG.. 8G a9( 8G) aac 
bes On oe ‘») 7 | a = | mt nae 
R 


{| %G &G dF dG OF 0G 

F t t t dx dy 
ax? ay? ax ox dy dy 

R 


SUPPLEMENTARY PROBLEMS 


Line Integrals 


4.32. 


4.33. 


4.34. 


4.35. 
4.36. 


4.37. 


4.38. 


4.39. 


4.40. 


4.41. 


4.42. 


4.43. 


4.44. 


Evaluate [(,;) (3x + y)dx + (2y—x)dyalong (a) the curvey = x7 + 1, (b) the straight line joining (0, 1) and 
(2,5), (c) the straight lines from (0, 1) to (0, 5) and then from (0, 5) to(2,5), | (d) the straight lines from (0, 1) to 
(2, 1) and then from (2, 1) to (2, 5). 


(a) Evaluate $e (x + 2y) dx + (y — 2x) dy around the ellipse C defined by x = 4cos 6, y = 3sin#,0 < 0< 27 
if C is described in a counterclockwise direction. 
(b) What is the answer to (a) if C is described in a clockwise direction? 


Evaluate {.. (x° — iy?)dzalong (a) the parabola y = 2x? from (1, 2) to (2, 8), _(b) the straight lines from (1, 1) 
to (1, 8) and then from (1, 8) to (2, 8), (c) the straight line from (1, 1) to (2, 8). 


Evaluate $e \z|? dz around the square with vertices at (0, 0), (1, 0), 1, 1), (0, 1). 


Evaluate fe (2° + 3z) dz along (a) the circle |z| = 2 from (2, 0) to (0, 2) in a counterclockwise direction, (b) the 
straight line from (2, 0) to (0, 2), (c) the straight lines from (2, 0) to (2, 2) and then from (2, 2) to (0, 2). 


Suppose f(z) and g(z) are integrable. Prove that 
b 


(a) | ro dz=— | ro dz, (b) exe — 3ig(z)} dz = 2 [ro dz— 3i| ata dz. 
b 


a (ss Cc Cc 


Evaluate \ me (3xy + iy”) dz (a) along the straight line joining z = i and z= 2 —i, 


(b) along the curve x = 2-2, y=1+1t-?. 


Evaluate $e 2 dz around the circles (a) |z| = 1, (b) |z— 1] = 1. 


Evaluate $e (52+ — 23 + 2) dz around (a) the circle |z| = 1, (b) the square with vertices at (0, 0), (1, 0), (1, 1), 
and (0, 1), (c) the curve consisting of the parabolas y = x” from (0, 0) to (1, 1) and y* = x from (1, 1) to (0, 0). 


Evaluate ie (2+ 1) dz along the arc of the cycloid x = a(6 — sin 6), y = a(1 — cos 9) from the point where 
6 = 0 to the point where 0 = 277. 


Evaluate {2° dz + z? dz along the curve C defined by 2? + 222+ 2 = (2 — 2i)z+ (2 + 2i)z from the point 
z=ltoz=2+4+2i. 


Evaluate $.dz/z — 2 around 
(a) the circle |z— 2] = 4, (b) the circle |z— 1] =5, (c) the square with vertices at 3 + 37, -—3 + 3i. 


Evaluate $e (x? + iy?) ds around the circle |z| = 2 where s is the arc length. 


Green’s Theorem in the Plane 


4.45. 


Verify Green’s theorem in the plane for $e (x? — 2xy) dx + (y? — x*y) dy where C is a square with vertices at 
(0, 0), (2, 0), (2, 2), and (0, 2). 
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4.46. 


4.47. 


4.48. 


4.49, 


4.50. 


4.51. 


4.52. 


Evaluate $c (5x + 6y — 3) dx + (3x — 4y + 2) dy around a triangle in the xy plane with vertices at (0, 0), (4, 0), 
and (4, 3). 


Let C be any simple closed curve bounding a region having area A. Prove that 


1 
A= 5 pxdy— yas 
Cc 


Use the result of Problem 4.47 to find the area bounded by the ellipse x = acos 0, y = bsin 0, 0 < @< 27. 


Find the area bounded by the hypocycloid x7? + y?/3 = 
a/> shown shaded in Fig. 4-24. [Hint. Parametric y 
equations are x = acos? 6, y= asin? 6,0<0< 277] 


Verify Green’s theorem in the plane for foxy dx + 
(9° — xy*)dy where C is the boundary of the region 
enclosed by the circles x? + y? = 4, x? +y* = 16. x 


(a) Prove that $c (y? cosx — 2e”) dx + (2y sin x — 2xe”) 
dy = 0 around any simple closed curve C. 


(b) Evaluate the integral in (a) along the parabola y = x? 
from (0, 0) to (7, 7). 


Fig. 4-24 


(a) Show that en (2xy? — 2y* — 6y) dx + (3xy? — 4xy — 6x) dy is independent of the path joining points (2, 1) 


and (3, 2). (b) Evaluate the integral in (a). 


Complex Form of Green’s Theorem 


4.53. 


4.54. 


4.55. 


4.56. 


4.57. 


4.58. 


4.59, 


If C is a simple closed curve enclosing a region of area A, prove that A = Z | Zdz. 

Cc 
Evaluate $e zdz around (a) the circle |z-—2| = 3, (b) the square with vertices at z = 0, 2, 2i, and 2 + 2i, 
(c) the ellipse |z — 3| + |z +3] = 10. 


Evaluate ,. (8Z + 3z) dz around the hypocycloid x°/? + y*/? = a7/. 
Let P(z, z) and Q(z, z) be continuous and have continuous partial derivatives in a region R and on its boundary 
C. Prove that 
- nad ; dP aQ 
P(z, z)dz + Q(z, z)dz = 21 || | ——— } dA 
az 
6 R 


1 
Show that the area in Problem 4.53 can be written in the form A = xf Zdz — zdz. 


1 
Cc 


Show that the centroid of the region of Problem 4.53 is given in conjugate coordinates by (Z, 2) where 


Find the centroid of the region bounded above by |z| = a > 0 and below by Im z = 0. 


Cauchy’s Theorem and the Cauchy-Goursat Theorem 


4.60. 


Verify Cauchy’s theorem for the functions (a) 3z*+iz—4, (b)5sin2z, (c) 3cosh(z +2) 
where C is the square with vertices at 1 + i, -1 +i. 


4.61. 


4.62. 


4.63. 


4.64. 


4.65. 


4.66. 


4.67. 


4.68. 


4.69. 


4.70. 


4.71. 
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Verify Cauchy’s theorem for the function z? — iz” — 5z+ 23 if C is 
(a) the circle |zZ} = 1, (b) the circle |z—1|=2, (c) the ellipse |z — 37] + |z+ 37] = 20. 


d 
Let C be the circle |z — 2| = 5. (a) Determine whether | = = 0. (b) Does your answer to (a) contradict 
Cauchy’s theorem? C 4 


For any simple closed curve C, explain clearly the relationship between the observations 


fi y? + 2y) dx + (2x — 2xy)dy =0 and pie — 2iz) dz =0 
Cc Cc 


By evaluating $e e* dz around the circle |z| = 1, show that 
27 2 
| eS 9 cos(@ + sin 0) dd = | eS ® sin(@ + sin 6) dd = 0 
0 0 


State and prove Cauchy’s theorem for multiply-connected regions. 


Prove the Cauchy—Goursat theorem for a polygon, such as ABCDEFGA shown in Fig. 4-25, which may inter- 
sect itself. 


Prove the Cauchy—Goursat theorem for the multiply-connected region 7? shown shaded in Fig. 4-26. 


| Bee 9 


Fig. 4-25 Fig. 4-26 


A 


(a) Prove the Cauchy—Goursat theorem for a rectangle and (b) show how the result of (a) can be used to prove 
the theorem for any simple closed curve C. 


Let P and Q be continuous and have continuous first partial derivatives in a region R. Let C be any simple 
closed curve in F and suppose that for any such curve 


} Pav+ Qdy=0 
Cc 


(a) Prove that there exists an analytic function f(z) such that Re{ f(z) dz} = P dx + Q dy is an exact differential. 


(b) Determine p and g in terms of P and Q such that Im{f(z)dz}=pdx+qdy and verify that 
$e pdx+qdy=0. 


(c) Discuss the connection between (a) and (b) and Cauchy’s theorem. 


Illustrate the results of Problem 4.69 if P = 2x + y — 2xy, Q =x —2y —x* + y’ by finding p, q, and f(z). 


Let P and Q be continuous and have continuous partial derivatives in a region FR. Suppose that for any 
simple closed curve C in R, we have $e Pdx+Qdy=0. 
(a) Prove that $c Q dx — P dy = 0. (b) Discuss the relationship of (a) with Cauchy’s theorem. 
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Consequences of Cauchy’s Theorem 


4.72. Show directly that Nee (62? + 8iz) dz has the same value along the following paths C joining the points 3 + 4i 


and 4—3i: (a) a straight line, (b) the straight lines from 3 + 47 to 4+ 47 and then from 4 + 4i to 4 — 33, 
(c) the circle |z| = 5. Determine this value. 


4.73. Show that {2 e~~ dz is independent of the path C joining the points 1 — ai and 2 + 377i and determine its value. 


4.74. Given G(z) = f cos3fd. (a) Prove that G(z) is independent of the path joining a — zi and the arbitrary 


TT 


point z. (b) Determine G(7zi). (c) Prove that G’(z) = cos 3z. 


4.75. Given G(z) = i 4; sin ¢ dé. (a) Prove that G(z) is an analytic function of z. (b) Prove that G’(z) = sinz’. 


4.76. For the real line integral fe P dx + Qdy, state and prove a theorem corresponding to: 
(a) Problem 4.17, (b) Problem 4.18, (c) Problem 4.20. 


4.77. Prove Theorem 4.5, page 118 for the region of Fig. 4-26. 


2 
z+2z—5 
4.78. If C is the circl = R, show that li dz = 
(a) C is the circle |z| show atin. fo DE L24D z= 0 
Cc 


(b) Use the result of (a) to deduce that if C) is the circle |z — 2| = 5, then 


f 2422-5 a, 
(2 +422 +2z2+2) 7 


Cc 


(c) Is the result in (b) true if C; is the circle |z+ 1] = 2? Explain. 


Integrals of Special Functions 


4.79. Find each of the following integrals: 
2+) 


—2z : 2 
(a) fe dz, (b) [sine dz, (c) |>45 


dz, (d) | sin 2zcos2zdz, (e) [2 tanh(4z’) dz 


4.80. Find each of the following integrals: 


(a) | zoos 2zdz, —(b) [Ze dz, — (c) | zinzds (d) [z sinh z dz. 
2a Ti THi 
4.81. Evaluate each of the following: (a) | e* dz, (b) | sinh 5z dz, (c) | zcos 2z dz. 


Ti 


4.82. Show that ic sin? zdz = | es cos? zdz = 11/4. 


d. 1 _ 1 
4.83. Show that | Saye In pasate + cy; =-—coth! + C2. 
2—-a 2a \zta a a 


4.84. Show that if we restrict ourselves to the same branch of the square root, 


1 
[22 + Sdz= 57 (22 + 59/2 > (2 152 4¢ 


4.85. Evaluate [1+ ./z+ I dz, stating conditions under which your result is valid. 


Miscellaneous Problems 


4.86. Use the definition of an integral to prove that along any arbitrary path joining points a and b, 
b b 


1 
(a) [ac=b—a, (b) [zae= 507-02, 


a a 


4.87. 


4.88. 


4.89. 


4.90. 


4.91. 


4.92. 


4.93. 


4.94, 


4.95. 


4.96. 


4.97, 


4.98. 


4.99, 


4.100. 
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Prove the theorem concerning change of variable on page XX. [Hint. Express each side as two real line 
integrals and use the Cauchy—Riemann equations. ] 


Let u(x, y) be harmonic and have continuous derivatives, of order two at least, in a region R. 


(a) Show that the following integral is independent of the path in R joining (a, b) to (x, y): 


(xy) 
ou ou 
v(x, y) = | By dx + ed 
(a,b) 


(b) Prove that u + iv is an analytic function of z = x + iy in R. 


(c) Prove that v is harmonic in R. 


Work Problem 4.88 for the special cases (a) u = 3x*y + 2x” — y? — 2y’, (b) u = xe* cosy — ye* siny. [See 


Problem 4.53(a) and (c), page XX.] 


Using the definition of an integral, verify directly that when C is a simple closed curve and Zo is any constant. 


(a) } do=0, (b) ped=0, (c) } (c—z)de=0 
Cc ral C 


Find the length of the closed curve of Problem 4.30 after n steps and verify that as n — ©, the length of the 
curve becomes infinite. 


Evaluate | = ri along the line x + y = 1 in the direction of increasing x. 
Cc 

Show that {> xe~* sinx dx = }. 
-242V3i 

Evaluate | z!/? dz along a straight line path if we choose that branch of z!/? such that z'/? = 1 for z= 1. 
—2-2,./3i 


Does Cauchy’s theorem hold for the function f(z) = z!/* where C is the circle |z| = 1? Explain. 


Does Cauchy’s theorem hold for a curve, such as 
EFGHFJE in Fig. 4-27, which intersects itself? Justify y E 
your answers. 

If n is the direction of the outward drawn normal to a 
simple closed curve C, s is the arc length parameter and 
U is any continuously differentiable function, prove that 


dU _dUdx | dU dy 
dn ax ds - dy ds 


Fig. 4-27 


Prove Green’s first identity, 


auave ava 
|| ovev aay it meas 2 “) dvdy = UT ds 
R Cc 


ax dx dy dy on 


where FR is the region bounded by the simple closed curve C, V7 = (8/dx”) + (07 /dy*), while n and s are as in 
Problem 4.97. 


Use Problem 4.98 to prove Green’s second identity 


{Jovy —~VVWU)dA= $(o% vee as 


dn an 
R Cc 


where dA is an element of area of R. 


Write the result of Problem 4.31 in terms of the operator V. 
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dz ees : ; : ? es 
4.101. Evaluate > ———————— around the unit circle |z| = 1 starting with z = 1, assuming the integrand positive for 
IVE +2242 
this value. 


4.102. Let 7 be a positive integer. Show that 


Gn 20 
| e""® cos(@ — cosn6) dd = | em" sin(@ — cosn)d0 = 0 
0 0 


ANSWERS TO SUPPLEMENTARY PROBLEMS 


4.32. (a) 88/3, (b) 32, (c) 40, (d) 24 4.54. (a) 187i, (b) 8i, (c) 40-77 
4.33. (a) —487, (b) 487 4.55. 67a? 
511 49 518 518 ij. —2 

4.34. (a) i, (b) S(O 8 459) 2S 

3 5 3 3 7 T 
4.35. —1+i 4.70. One possibility is p = x? — y? + 2y — x, 

q=2x+y—2xy, f@ =i2 + 2-dz 
44 

4.36. — aa =i in all cases 4.72. 338 — 266i 

4 8. 1 79. 7 2 
4.38. (a) 3 { 3 i, (b) 3 t 30! 4.73. se 2(1 —e7?) 
4.39. (a) 0, (b) 477i 4.74. (b) 0 

1 1 
4.40. 0 in all cases 4.79. (a) gor tc, (b) 5 008 ote, 
4.41. (96m°a? + 8077a? + 30 15 1 1 
(Smee ee may} (c) =In( +3z2+2)4c, (d)—sin?2z+c, 
4.42 gtd : ” 
'e' le oc 


1 
(e) pn cosh(4z?) + ¢ 


4.43. 277 in all cases 


1 1 i 1 r —Z52 i i 
4.44, 8r(1 +i) 4.80. (a) 5<sin 2z } 7008 22 te, (b) —e *(z° +2z74+2) +6, 
4.45. Common value = —8 1 2 1 
c)zz Inz——-+¢, 
4.46. —18 5 4 
poe (d) (2 + 6z) cosh z— 3(z? + 2) sinhz +c 
oy . TA 
2 1 1 1 
30a 4.81. (a) =, (b) » (c)—cosh2 sinh 2 + = wi sinh2 
4.49. 3 Be ote et 2 : 
8 
ca Oe erie | Cn PO era oe 
4.50. Common value = 1207 4.85. 5 (1 tvetl 3 (1 Bea Ly he 
4.51. (b) —2ae™ 4.92. 5 
4.52. (b) 24 
(b) 4.94. = 


Cauchy’s Integral Formulas 
and Related Theorems 


5.1 Cauchy’s Integral Formulas 


Let f(z) be analytic inside and on a simple closed curve C and let a be any point inside C [Fig. 5-1]. Then 


1 
fa = $2 


- dz (5.1) 
227i J] z—a 
Cc 


where C is traversed in the positive (counterclockwise) sense. 
Also, the nth derivative of f(z) at z= a is given by 


ties 2 f@ _ 
if = Fp ee n=l, 2, 3,... (5.2) 
C 


The result (5.1) can be considered a special case of (5.2) with n = 0 if we define 0! = 1. 


y 
Cc 


Fig. 5-1 


The results (5.1) and (5.2) are called Cauchy’s integral formulas and are quite remarkable because they 
show that if a function f(z) is known on the simple closed curve C, then the values of the function and all its 
derivatives can be found at all points inside C. Thus, if a function of a complex variable has a first 
derivative, i.e., is analytic, in a simply-connected region 7%, all its higher derivatives exist in 7. This is 
not necessarily true for functions of real variables. 
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5.2 Some Important Theorems 


The following is a list of some important theorems that are consequences of Cauchy’s integral formulas. 


1. 


10. 


Morera’s theorem (converse of Cauchy’s theorem) 
If f(z) is continuous in a simply-connected region 7 and if $e f(z) dz = 0 around every simple 
closed curve C in R, then f(z) is analytic in R. 


Cauchy’s inequality 
Suppose f(z) is analytic inside and on a circle C of radius r and center at z = a. Then 


M-n! 
PP @l <— = n=0, 1, 2,... (5.3) 


where M is a constant such that | f(z)| < M on C, i.e., M is an upper bound of | f(z)| on C. 


Liouville’s theorem 
Suppose that for all z in the entire complex plane, (i) f(z) is analytic and (ii) f(z) is bounded, i.e., 
| f(z)| < M for some constant M. Then f(z) must be a constant. 


Fundamental theorem of algebra 
Every polynomial equation P(z) = dy + a,z+ ae +-+++anz" = Owith degreen > | anda, 40 
has at least one root. 

From this it follows that P(z) = 0 has exactly n roots, due attention being paid to multiplicities 
of roots. 


Gauss’ mean value theorem 
Suppose f(z) is analytic inside and on a circle C with center at a and radius r. Then f(a) is the mean 
of the values of f(z) on C, ie., 


27 


f(a= ke | r( + re’) do (5.4) 
Qa : 
0 


Maximum modulus theorem 
Suppose f(z) is analytic inside and on a simple closed curve C and is not identically equal to a 
constant. Then the maximum value of | f(z)| occurs on C. 


Minimum modulus theorem 
Suppose f(z) is analytic inside and on a simple closed curve C and f(z) 4 0 inside C. Then | f(z)| 
assumes its minimum value on C. 


The argument theorem 
Let f(z) be analytic inside and on a simple closed curve C except for a finite number of poles 
inside C. Then 


Lf F@ 
— >——dz=N-P 5.5 
Ini} fio Ce 
Cc 
where WN and P are, respectively, the number of zeros and poles of f(z) inside C. 
For a generalization of this theorem, see Problem 5.90. 


Rouché’s theorem 
Suppose f(z) and g(z) are analytic inside and on a simple closed curve C and suppose 
l2(z)| < |f(z2| on C. Then f(z) + g(z) and f(z) have the same number of zeros inside C. 


Poisson’s integral formulas for a circle 
Let f(z) be analytic inside and on the circle C defined by |z| = R. Then, if z = re’? is any point 
inside C, we have 


(R* — 1) f(Re'®) 
R? — 2Rrcos(6— ¢) + r? 


27 
f(re’®) = > | dob (5.6) 
7 


0 
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If u(r, 0) and u(r, 6) are the real and imaginary parts of f(re’®) while u(R, ) and v(R, @) are 
the real and imaginary parts of f(Re’®), then 


27 
me (R2 — PyulR, $) 
My O = | R= Roe er” Ba) 
0 
Lf (R—PWR, 4) 
—r)v(R, 
ae | R2 = 2RreostO— dP *” 2) 
0 


These results are called Poisson’s integral formulas for a circle. They express the values of a 
harmonic function inside a circle in terms of its values on the boundary. 

11. Poisson’s integral formulas for a half plane 
Let f(z) be analytic in the upper half y > 0 of the z plane and let € = €+ in be any point in this 
upper half plane. Then 


foe} 


I n f(x) 
= 5.9 
fo) 7 | GBP (5.9) 
In terms of the real and imaginary parts of f(), this can be written 
Aw { nu(x, 0) 
ug 1) = ak area (5.10) 
pute { nu(x, 0) 


These are called Poisson’s integral formulas for a half plane. They express the values of a 
harmonic function in the upper half plane in terms of the values on the x axis [the boundary] 
of the half plane. 


SOLVED PROBLEMS 


Cauchy’s Integral Formulas 


5.1. Let f(z) be analytic inside and on the boundary C of a simply-connected region R. Prove Cauchy’s 
integral formula 


1 
fla) = 5 Ff) 
71 La a 
C 


dz 


Solution 


Method 1. The function f(z)/(z — a) is analytic inside and on C except at the point z = a (see Fig. 5-2). By 
Theorem 4.4, page 117, we have 


pe aa=pPa (1) 


Z—a Z—a 
Cc r 


where we can choose [I as a circle of radius € with center at a. Then an equation for I is |z — a| = € or 
z—a= ee'§ where 0 < 6 < 27. Substituting z = a + ee!®, dz = iee'®, the integral on the right of (1) becomes 
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20 20 
10+ p18 
| f(z) a [ts jas | a+ ecto 
Z—a ee’ 
r 0 0 
Thus we have from (1), 
20 
| IO y= j | fla+ ee'*) do (2) 
z-a 

C 0 


Taking the limit of both sides of (2) and making use of the continuity of f(z), we have 


2a 
ye dz=limi | ra + ec’) do 
zZ—a e>0 
C 0 
2a Qa 
=i | lim f(a + ec) dd =i | f(a)d0 = 271 f(a) (3) 
0 0 
so that we have, as required, 
1 
fa) = =p a 
2Q7i Jz—a 


C 


Method 2. The right side of equation (1) of Method | can be written as 


f £0 g,— {10-10 {£04 
£4 Z£—a La 
Tr T Tr 
= f 220 4.4 2m fo 
£—a 
T 


using Problem 4.21. The required result will follow if we can show that 


f £O=f0 4-0 


Z—a 
r 


But by Problem 3.21, 


(oe f@) 5, =f rods pnae=fnae 


r r T r 


Then choosing I’ so small that for all points on [ we have |y| < 6/277, we find 


fn dz} < (=)en0 =e 
27, 
Tr 


Thus fen dz = 0 and the proof is complete. 
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y 


Fig. 5-2 Fig. 5-3 


5.2. Let f(z) be analytic inside and on the boundary C of a simply-connected region R. Prove that 


F(z) 
0-9 ea oP 


Solution 


From Problem 5.1, if a and a +h lie in R, we have 


flath)—-f@ 1 fi 1 a eee { f(D dz 
i Gal We G Paal  Dat Ga he=a 
Cc Cc 


ol ,a _ A | f(z) dz 
~ ai J (g—ay 201 J (@—a—h(z—ay 
Cc GC 
The result follows on taking the limit as h — 0 if we can show that the last term approaches zero. 


To show this we use the fact that if [ is a circle of radius € and center a which lies entirely in R 
(see Fig. 5-3), then 


h | f@) dz _iAh | f@) dz 
2m J ( 2m J ( 


Ti z—-a—h\(z—ay mi J (z—a—h)(z— ay’ 
C E 


Choosing / so small in absolute value that a + h lies in T and |h| < €/2, we have by Problem 1.7(c), and the 
fact that I has equation |z — a| = ¢, 


|z-—a—h| => |z-—a|—|h| > €-€/2=€/2 


Also since f(z) is analytic in 7, we can find a positive number M such that | f(z)| <M. 
Then, since the length of I’ is 27re, we have 


h f f(odz _ lhl M7) _ 2\hIM 
mi J @—a— hye — ay = (ee) e 


and it follows that the left side approaches zero as h — 0, thus completing the proof. 
It is of interest to observe that the result is equivalent to 


1 f@ 1 a | f@ 
Gio = da Wahoo” =o fe | ee 
C Cc 


which is an extension to contour integrals of Leibnitz’s rule for differentiating under the integral sign. 
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5.3. Prove that under the conditions of Problem 5.2, 


(n) f@ = 
Zz O-mLea™ arn n=O, 1, 2,3,... 


Solution 


The cases where n = 0 and 1 follow from Problems 5.1 and 5.2, respectively, provided we define f(a) = f(a) 
and 0! = 1. 
To establish the case where n = 2, we use Problem 5.2 where a and a+ h lie in R to obtain 


FEW =F@ ls fol 1 
h -=$;\—5 Ge I rade 
CG; 
_%f f@ 4 § 3@-a)—2h 
Omi i ay aur } (@-a—hy(z-a)’ poe 
Cc 


The result follows on taking the limit as h — 0 if we can show that the last term approaches zero. The proof 
is similar to that of Problem 5.2, for using the fact that the integral around C equals the integral around I, 
we have 


h | 3(z — a) — 2h (az — ll M(27.€) 4|h|M 
mi J @-a—hyY@- me in = 2ar( €/2)(8) et 
r 
Since M exists such that |{3(z — a) — 2h} f(z)| < M. 


In a similar manner, we can establish the result for n = 3, 4,... (see Problems 5.36 and 5.37). 
The result is equivalent to (see last paragraph of Problem 5.2) 


a’ a} 1 f@ Cie i) 
da" fa) ~ da" ) Qi pene = ani da” Faia 
C Cc 


5.4. Suppose f(z) is analytic in a region R. Prove that f’(z), f’(z),... are analytic in R. 


Solution 
This follows from Problems 5.2 and 5.3. 
5.5. Evaluate: 


2z 
(a) oo sin rz’ + 608 a2! ———_—— dz, (b) pore where C is the circle |z| = 3. 
Zz 


@—)G-2) 
Solution 
(a) Since G-DE—D = : : eo i r’ we have 
f sin mz? + cos 12" - f sin 7” + cos 1” k f sin 77° + cos mz” k 
(z— IG -2) z—2 J z-1 


By Cauchy’s integral formula with a = 2 and a = 1, respectively, we have 


. 24 2 
| ST OS RE ede = Derilisin (2)? cos (22) = Darl 


z—-2 


é 

sin 7z~ + cos 72” : 2 2 
| dz = 2mi{sin 7(1)~ + cos m(1)*} = —27i 
G 
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since z = 1 and z = 2 are inside C and sin mz” + cos 72” is analytic inside C. Then, the required integral 
has the value 277i — (—2z7i) = 477i. 
(b) Let f(z) = e% and a = —1 in the Cauchy integral formula 


(n) =304 f(@) d 1 
f°O Jeon vert (1) 


If n = 3, then f’”(z) = 8e” and f’””(—1) = 8e~*. Hence (1) becomes 


! 2Z 
ge? = > | —__ az 
2ai J (z+ 1) 


Cc 


from which we see that the required integral has the value 8ie~?/3. 


5.6. Prove Cauchy’s integral formula for multiply-connected regions. 


Solution 


We present a proof for the multiply-connected region R C, 
bounded by the simple closed curves C; and C) as indi- 
cated in Fig. 5-4. Extensions to other multiply-connected 
regions are easily made (see Problem 5.40). 
Construct a circle [ having center at any point a in R so 
that T lies entirely in R. Let R’ consist of the set of points 
in R that are exterior to [’. Then, the function f(z)/(z — a) 
is analytic inside and on the boundary of R’. Hence, by 
Cauchy’s theorem for multiply-connected regions 
(Problem 4.16), 


= pa = pa po a=0 0) 


2m7i J z-a 277i Jz—a 277i Fig. 5-4 
Cc C1 T 
But, by Cauchy’s integral formula for simply-connected regions, we have 
1 z) 
fa) = = pO ae Q) 
wi J} z—a 
r 
so that from (1), 
1 z 1 z 
f@= pa pa (3) 
2mi Jz—a 2mi Jz—a 
C1 C 


Then, if C represents the entire boundary of R (suitably traversed so that an observer moving around C always 
has F lying to his left), we can write (3) as 


dz 


1 
fa=5-4 f@ 
Tl Z—-a 
Cc 


In a similar manner, we can show that the other Cauchy integral formulas 


(n) _ nl f@ os 
Es (0) =f ae w= 1,2, dyes 
Cc 


hold for multiply-connected regions (see Problem 5.40). 
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Morera’s Theorem 


5.7. Prove Morera’s theorem (the converse of Cauchy’s theorem): Suppose f(z) is continuous in a 
simply-connected region ® and suppose 


$ fla) de =0 
C 


around every simple closed curve C in R. Then f(z) is analytic in R. 
Solution 


If $e f(z) dz = 0 independent of C, it follows by Problem 4.17, that F(z) = ii J (2) dz is independent of the path 


joining a and z, so long as this path is in ?. 
Then, by reasoning identical with that used in Problem 4.18, it follows that F(z) is analytic in R and 
F'(z) = f(z). However, by Problem 5.2, it follows that F’(z) is also analytic if F(z) is. Hence, f(z) is analytic in R. 


Cauchy’s Inequality 
5.8. Let f(z) be analytic inside and on a circle C of radius r and center at z= a. Prove Cauchy’s 
inequality 
M-n! 


n=O, 1, 2, 3,... 
rh 


If@| < 


where M is a constant such that | f(z)| << M. 
Solution 


We have by Cauchy’s integral formulas, 


ye Oe Ores 
f"'@ wp Iz n=O, 1, 2, 3,... 
Cc 


Then, by Problem 4.3, since |z — a| = r on C and the length of C is 2zr, 


! ! M M-n! 
(n) at f(z) Alice: ne ee 

pol 20 tga 4) Og pet or r" 
C 


Liouville’s Theorem 


5.9. Prove Liouville’s theorem: Suppose for all z in the entire complex plane, (i) f(z) is analytic and (ii) 
f(2 is bounded [i.e., we can find a constant M such that | f(z)| <M]. Then f(z) must be a constant. 


Solution 


Let a and b be any two points in the z plane. Suppose that C is a y 
circle of radius r having center at a and enclosing point b (see ; 
Fig. 5-5). 

From Cauchy’s integral formula, we have 


1 1 
f0)— fla) = de — pO a 


QT 
G Cc z 
==" 4 f(@dz 


~ wi J (z—b\(z—a) 
C 


Fig. 5-5 
Now we have 
Iz-al=r, |z—b| =|z-—a+a-—b)| > \|z-—a|—-—|a—b|=r-—|a—b|>r/2 
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if we choose r so large that |a — b| < r/2. Then, since | f(z)| < M and the length of C is 27r, we have by 
Problem 4.3, 


fb) — fla)| = |b—al | F(z) dz e |b—a\|M(2mr) 2|b—a|M 


27 (g—b\(z—a)}~ — 2alr/2)r r 
C 


Letting r — ©, we see that | f(b) — f(a@)| = 0 or f(b) = f(a), which shows that f(z) must be a constant. 


Another Method. Letting n = 1 in Problem 5.8 and replacing a by z we have, 
If @| <= M/r 


Letting r — ©, we deduce that | f’(z)| = 0 and so f’(z) = 0. Hence, f(z) = constant, as required. 


Fundamental Theorem of Algebra 


5.10. 


5.11. 


Gauss’ 


5.12. 


Prove the fundamental theorem of algebra: Every polynomial equation P(z) = aj) +aiz+ 
az +-+++a,z" = 0, where the degree n > | and a, 40, has at least one root. 


Solution 


If P(z) = 0 has no root, then f(z) = 1/P(z) is analytic for all z. Also, | f(z)| = 1/|P(z)| is bounded (and in fact 
approaches zero) as |z| > ©. 

Then by Liouville’s theorem (Problem 5.9), it follows that f(z) and thus P(z) must be a constant. Thus, we 
are led to a contradiction and conclude that P(z) = 0 must have at least one root or, as is sometimes said, P(z) 
has at least one zero. 


Prove that every polynomial equation P(z) = ao + ajz+ a2z* +--+ + anz" = 0, where the degree 
n> 1 anda, 40, has exactly n roots. 


Solution 


By the fundamental theorem of algebra (Problem 5.10), P(z) has at least one root. Denote this root by a. Then 
P(a) = 0. Hence 


P(z) — Pa) = ay + az t ane + +++ + ay2" — (ay + aya t ana? +++» + ana”) 
= ay(z— a) +.an(2 — a) +--+. a,(Z" — a") 
= (%— a)Q(z) 


where Q(z) is a polynomial of degree (n — 1). 

Applying the fundamental theorem of algebra again, we see that Q(z) has at least one zero, which we can 
denote by B [which may equal a], and so P(z) = (z — a)(z — B)R(z). Continuing in this manner, we see that 
P(z) has exactly n zeros. 


Mean Value Theorem 


Let f(z) be analytic inside and on a circle C with center at a. Prove Gauss’ mean value theorem that 
the mean of the values of f(z) on C is f(a). 


Solution 


By Cauchy’s integral formula, 


f(@ = IND () 
£—-a 


Ti 


a 
=a 
Oe 
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If C has radius r, the equation of C is |z — a| = r or z= a+ re'®. Thus, (1) becomes 


Qa 21 
1 10\+).,10 1 : 
ote [ae )ire poe |r rei) d@ 
Qari rei? 27 
0 0 


which is the required result. 


Maximum Modulus Theorem 


5.13. Prove the maximum modulus theorem: Suppose f(z) is analytic inside and on a simple closed curve 
C. Then the maximum value of | f(z)| occurs on C, unless f(z) is a constant. 


Solution 


Method 1 


Since f(z) is analytic and hence continuous inside and on C, it 
follows that | f(z)| does have a maximum value M for at least 
one value of z inside or on C. Suppose this maximum value is 
not attained on the boundary of C but is attained at an interior 
point a, ie., |f(a| =M. Let C, be a circle inside C with 
center at a (see Fig. 5-6). If we exclude f(z) from being a constant 
inside C;, then there must be a point inside C1, say b, such that 
|f(b)| <M or, what is the same thing, |f(b)| = M — e€ where 
e>0. 

Now, by the continuity of | f(z)| at b, we see that for any e > 0 
we can find 6 > 0 such that 


IfOl — Ol <5« whenever |-—b| <8 (1) 


ie., Fig. 5-6 


OL<IFOl+;e=M—e+5e=M—Ze  @) 
for all points interior to a circle C, with center at b and radius 6, as shown shaded in the figure. 

Construct a circle C3 with a center at a that passes through b (dashed in Fig. 5-6). On part of this circle 
{namely that part PQ included in C2], we have from (2), | f(z)| <M— Fe. On the remaining part of the 
circle, we have | f(z)| < M. 

If we measure 6 counterclockwise from OP and let 2POQ = a, it follows from Problem 5.12 that if 
r= |b—-al, 


217 


Na =5 | ra | re”) d0-+ = |r + re") dé 
27 on 
0 


a 


Then 
2a 


|f(a)| < x | fla re”) do+— | [fla + re'®)| do 
7 1 
0 


Q 


ie., |f(@| = M < M — (ae/477), an impossible situation. By virtue of this contradiction, we conclude that 
| f(z)| cannot attain its maximum at any interior point of C and so must attain its maximum on C. 
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Method 2 


From Problem 5.12, we have 


21 

I 

Vol < | Lfla + re®)| a0 G3) 
0 


Let us suppose that | f(a)| is a maximum so that | f(a + re’®)| < [f(a]. If | f(a + re'®)| < | f(@| for one 
value of 6 then, by continuity of f, it would hold for a finite arc, say 6; < @< 6. But, in such case, the 
mean value of | f(a + re’®)| is less than | f(a)|, which would contradict (3). It follows, therefore, that in any 
6 neighborhood of a, i.e., for |z — a| < 6, f(z) must be a constant. If f(z) is not a constant, the maximum 
value of | f(z)| must occur on C. 

For another method, see Problem 5.57. 


Minimum Modulus Theorem 


5.14. 


5.15. 


Prove the minimum modulus theorem: Let f(z) be analytic inside and on a simple closed curve C. 
Prove that if f(z) 40 inside C, then | f(z)| must assume its minimum value on C. 


Solution 


Since f(z) is analytic inside and on C and since f(z) £0 inside C, it follows that 1/f(z) is analytic inside C. 
By the maximum modulus theorem, it follows that 1/|f(z)| cannot assume its maximum value inside C and 
so |f(z)| cannot assume its minimum value inside C. Then, since |f(z)| has a minimum, this minimum 
must be attained on C. 


Give an example to show that if f(z) is analytic inside and on a simple closed curve C and f(z) = 0 
at some point inside C, then | f(z)| need not assume its minimum value on C. 


Solution 


Let f(z) = zfor |z| < 1, so that Cis a circle with center at the origin and radius 1. We have f(z) = 0 at z = 0. 
If z = re’®, then | f(z)| = rand itis clear that the minimum value of | f(z)| does not occur on C but occurs inside 
C where r = 0, L.e., at z= 0. 


The Argument Theorem 


5.16. 


Let f(z) be analytic inside and on a simple closed curve C except for a pole z = a of order (multi- 
plicity) p inside C. Suppose also that inside C, f(z) has only one zero z = 6 of order (multiplicity) 
n and no zeros on C. Prove that 


1 (f@ 
27i J f(@ 
Cc 


dz=n-—p 


Solution 


Let C, and I’; be non-overlapping circles lying inside C and enclosing z = a and z = 8, respectively. [See 
Fig. 5-7.] Then 


lf £'@) LES Bae ACLS) 
Qari f fo la } fo oa } fo” (1) 
Cc Ci TY 
Since f(z) has a pole of order p at z = a, we have 
F 
f@=—@ (2) 
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where F(z) is analytic and different from zero inside and on C;. Then, taking logarithms in (2) and differen- 
tiating, we find 


f@ FR p 


= 3 
f@® FQ za 2 
so that 
1 [ fo, 1 [F@) Pp | dz 
d — — 4 
mail Ta =P Fo” a nr are ae 2 (4) 
Ci Cc 
Since f(z) has a zero of order n at z = B, we have 
f(2) = (2 — B)"G) (5) 
where G(z) is analytic and different from zero inside and on IT. 
Then, by logarithmic differentiation, we have 
/ la 
f@_ 2 ,E@ ‘ 
f@ z-B G@ 
so that 
3 - 
1 mat Fa “4 dz : fac =n (7) 
f@ Ini Jz Bo 2m J Giz) 
r, 


Hence, from (1), (4), and (7), we have the required result 


LE bk 3 Sra Sy Ut 3 Per! Ls ae 3 
5) f da=> f de+ = baa Dp 
r, 


mi J f(z) wi) f(z) 
Cc Cc 


Fig. 5-7 


5.17. Let f(z) be analytic inside and on a simple closed curve C except for a finite number of poles inside 
C. Suppose that f(z) 4 0 on C. If N and P are, respectively, the number of zeros and poles of f(z) 
inside C, counting multiplicities, prove that 


Ltvi@s, 


27 J fo" saa 


Solution 


Let aj, @2,..., aj and B;, By,..., B, be the respective poles and zeros of f(z) lying inside C [Fig. 5-8] and 
suppose their multiplicities are p, p2,..., pj and m, n2,..., Nk. 
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Enclose each pole and zero by non-overlapping circles C;, C2,..., C; and T,, To,..., Ty. This can always 
be done since the poles and zeros are isolated. 
Then, we have, using the results of Problem 5.16, 


L(f@, Sl {fo,, G1 [fo 
sai f@ = Dat To aa > rai} fo 


Rouché’s Theorem 


5.18. 


5.19. 


Prove Rouché’s theorem: Suppose f(z) and g(z) are analytic inside and on a simple closed curve C 
and suppose |g(z)| < |f(z)| on C. Then f(z) + g(z) and f(z) have the same number of zeros inside C. 


Solution 


Let F(z) = g(z)/f(z) so that g(z) = f(z)F(z) or briefly g = fF. Then, if N; and N> are the number of zeros 
inside C of f + g and f, respectively, we have by Problem 5.17, using the fact that these functions have no 
poles inside C, 


277i J f+eg 2a J f 
Cc 
Then 
1 (ff +fRtfr he 1 (fd+h4sF lcf 
eer pigeon maps e-aa$ eeH: sa p 5 


{rsa} | 


1 f F’ 1 [f 1 EF’ 
=s5 dz : dz = —— dz 
2m J(f 1+F 2a J f 271i J 1+F 

Cc Cc 


using the given fact that |F| <1 on C so that the series is uniformly convergent on C and term by term 
integration yields the value zero. Thus, N; = N2 as required. 


Use Rouché’s theorem (Problem 5.18) to prove that every polynomial of degree n has exactly n 
zeros (fundamental theorem of algebra). 


Solution 
Suppose the polynomial to be ao +aiz+ azz? +++++ nz", where a, #0. Choose f(z) = dnz" and 
8(Z) = ay + AZ + ag27 +--+ + ay,12"". 


If C is a circle having center at the origin and radius r > 1, then on C we have 


g(z)| lao + arztayz? + +++ + Gp-iz" || — aol + lailr 4 Jag|r? e+ + [anal 

S@) |anz"| = |a,|r" 
2 lag |r?! + Jay|r" + fant! +--+ + lanl! _ !40| + lai] + Jaa] +++ lan) 
7 |an|r" lan |r 


Then, by choosing r large enough, we can make |9(z)/f(2)| <1, ie., |g(2| < |f(2|. Hence, by Rouché’s 
theorem, the given polynomial f(z) + g(z) has the same number of zeros as f(z) = @nz". But, since this last 
function has n zeros all located at z = 0, f(z) + g(z) also has n zeros and the proof is complete. 
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5.20. Prove that all the roots of z’ — 5z*> + 12 = 0 lie between the circles |z| = 1 and |z| = 2. 
Solution 


Consider the circle C: |z| = 1. Let f(z) = 12, g(z) = z’ — 5z?. On C; we have 


Ie@I = Iz’ — 52°] < [z+ 1521 < 6 < 12=|f@I 


Hence, by Rouché’s theorem, f(z) + g(z) = z’ — 5z3 + 12 has the same number of zeros inside |z| = 1 as 
f(z) = 12, ie., there are no zeros inside C,. 
Consider the circle C2: |z| = 2. Let f(z) = z’, g(z) = 12 — 5z°. On C) we have 


Ig(2)| = [12 — 5z*| < |12| + 15z*] < 60 < 27 = |f@| 


Hence, by Rouché’s theorem, f(z) + g(z) = z’ — 5z3 + 12 has the same number of zeros inside |z| = 2 as 
f@= z', i.e., all the zeros are inside C). 
Hence, all the roots lie inside |z| = 2 but outside |z| = 1, as required. 


Poisson’s Integral Formulas for a Circle 


5.21. (a) Let f(z) be analytic inside and on the circle C defined by |z| = R, and let z = re! be any point 
inside C (see Fig. 5-9). Prove that 


(re'®) = i sa (Re'®) dd 
fe") = 9 7'| R= ORreost@— ey ar) 
0 


(b) Let u(r, 0) and v(r, 6) be the real and imaginary parts of f(re'®). Prove that 


oad [ RAP MR dad 
ee: = |e — 2Rrcos(@— ¢) 4+ r2 
0 
» 1 [ RAMU, ddd 
ee le — 2Rrcos(6— ¢)+ r? 
0 


The results are called Poisson’s integral formulas for the circle. 


Solution 
(a) Since z = re’® is any point inside C, we have by Cauchy’s integral formula 


fw) 


w—Z 


fe =flre”) = 5 | (1) 
1 


Cc 


The inverse of the point z with respect to C lies outside C and is given by 
R?/z. Hence, by Cauchy’s theorem, 


aera f(w) 
re | Tame @) Fig. 5-9 
Cc 
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If we subtract (2) from (1), we find 


1 
IO a 


1 1 
| —- ee ay fone 


f(w) dw (3) 


Cc 
1 f z— R?/z 
(w — z)(w — R?/2Z) 
Cc 
Now, let z = re!’ and w = Re'®. Then, since Z = re~”®, (3) yields 
2a 21 


io Lf fre? — (R?/r)e!} f(Re'®)iRe'F db — 1 [ (7? — Re PF (Rel?) db 
Te Vi QT | {Reif — rei®\{Rei? — (R2/r)ei®} | (Rei? — re'®)\(re'? — Re'®) 
0 


0 


: i (RE — r°)f(Re'®) dd I i (R — °)f(Re!) dd 
Yar (Rei? — re!®)(Re—'? _ rei9) ~ Oar | R2 —2Rr cos(0 — $) + Pa 
4) 0 


(b) Since f(re) = u(r, 6) + iv(r, 0) and f(Re’*) = u(R, ) + iv(R, ), we have from part (a), 


27 


2.2 
u(r, 0) + iv(r, 0) = =| (Ror tuR, $) + WR, p)}dh 
0 


R? — 2Rrcos(@— $) + r? 


Lf @=Pwk, dds if (R-PwR, dad 
-5-| goa b)+r2 |x — 2Rrcos(6— @) + r2 
0 0 


Then the required result follows on equating real and imaginary parts. 


Poisson’s Integral Formulas for a Half Plane 
5.22. Derive Poisson’s formulas for the half plane [see page 146]. 
Solution 


Let C be the boundary of a semicircle of radius R [see Fig. 5-10] containing ¢ as an interior point. Since C 
encloses ¢ but does not enclose ¢, we have by Cauchy’s integral formula, 


f(Q)= ah ae eee § LO ae 
277i J z— 
Cc 


ra 2mi J z—L 
Cc 


Then, by subtraction, 


1 1 1 1 ([C-Of@a& 
= = d = = 
WG) ill —| ‘: ami ea De D 


Letting = €+ in, t=€- in, this can be written 


nf) dx | nf @) dz 


R 
1 
0-5 | agree fos cere 
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where I is the semicircular arc of C. As R — ©, this last integral approaches zero [see Problem 5.76] and 
we have 


7 f(x) dx 
Gee ry 


POEL | 
7 


Writing f(f)=f(Eé+in) = ug yn) + iv(é n), f(x) = u(x, 0) + iv(x, 0), we obtain as required, 


‘7 nu(x, 0) dx 
u(é, n== | x — +7’ 


F 


Fig. 5-10 Fig. 5-11 
Miscellaneous Problems 


5.23. Let f(z) be analytic in a region R bounded by two concentric circles C; and C2 and on the boundary 
[Fig. 5-11]. Prove that, if zo is any point in R, then 


f= =4 f(@ dz o f) en 
se ame! ee eae 


Solution 


Method 1. Construct cross-cut EH connecting circles C; and C2. Then f(z) is analytic in the region bounded by 
EFGEHKJHE. Hence, by Cauchy’s integral formula, 


1 z) 
fo) = mi IO x 
Tr L=£0 
EFGEHKJHE 
1 1 1 1 
=a 3 | fo dz+4 | FO dz+ : | f@ dz4 | f@ dz 
27 Z—- 2% 271i J Z— 2% 271 Z—-% 277i J} 7-2 
EFGE EH HKJH HE 
1 
_ 4 F(Z) dz =4 F(Z) Ze 
277i J Z— 2 277i J Z— 2% 
(on Cy 


since the integrals along EH and HE cancel. 

Similar results can be established for the derivatives of f(z). 
Method 2. The result also follows from equation (3) of Problem 5.6 if we replace the simple closed curves C, 
and C) by the circles of Fig. 5-11. 


5.24. Prove that, for n = 1, 2, 3,..., 
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Solution 


Letz=e'®. Then, dz = ie’? d@=izd@ or dO=dz/iz and cos@= te +e") =5(z+ 1/z). Hence, 
if C is the unit circle |z| = 1, we have 


1 2 1 -f2 
= ——:27i ah ee lake 27 
220; n 2" \ n 


1 Qn)! (2n)2n = N@n—2)--- (a= 1)---1, 

~ 22” nln! = 2?"n\n! a 
1:3-5-+-Qn-D), 
SAgaciope. 0 


5.25. Suppose f(z) = u(x, y) + iv(x, y) is analytic in a region R. Prove that u and v are harmonic in R. 


Solution 


In Problem 3.6, we proved that u and v are harmonic in R, i.e., satisfy the equation (8 6/x7) + (& b/dy’) = 0, 
under the assumption of existence of the second partial derivatives of u and v, i.e., the existence of f(z). 

This assumption is no longer necessary since we have in fact proved in Problem 5.4 that, if f(z) is analytic 
in ?, then all the derivatives of f(z) exist. 


5.26. Prove Schwarz’s theorem: Let f(z) be analytic for |z| < R, f(O) = 0, and | f(z)| < M. Then 


M(z| 
<= —__ 
If(@| < R 
Solution 


The function f(z)/z is analytic in |z| < R. Hence, on |z| = R, we have by the maximum modulus theorem, 


f@ 


ra 


M 
ee 
~ R 


However, since this inequality must also hold for points inside |z| = R, we have for |z| < R, | f(z)| < M|z|/R 
as required. 


5.27. Let 


_ Jx?sind/x) x40 
fo =| ee 


where x is real. Show that the function f(x) (a) has a first derivative at all values of x for which 
0 < x < 1 but (b) does not have a second derivative in 0 < x < 1. (c) Reconcile these conclusions 
with the result of Problem 5.4. 
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Solution 


(a) The only place where there is any question as to existence of the first derivative is at x = 0. But, at x = 0, 
the derivative is 


. f(+ Ax) —f(0) _ (Ax? sin(1/Ax) — 0 
lim = lim 


Ax>0 Ax Ax>0 Ax 2 fea ae aa aa 


and so exists. 
At all other values of x in 0 < x < 1, the derivative is given (using elementary differentiation rules) by 


x cos(1/x){—1/x7} + (2x) sin(1/x) = 2x sin(1/x) — cos(1/x) 
(b) From part (a), we have 


2x sin(1/x) —cos(1/x) x40 


ro={p x=0 


The second derivative exists for all x such that 0 < x < 1. At x = 0, the second derivative is given by 
in f'(0 + Ax) —f’(0) aiid 2Ax sin(1/Ax) — cos(1/Ax) — 0 


Ax—>0 Ax Ax>0 Ax 
= lim, (2 sin(1/Ax) — (1/Ax) cos(1/Ax)} 


which does not exist. 
It follows that the second derivative of f(x) does not exist in0 <x < 1. 
(c) According to Problem 5.4, if f(z) is analytic in a region 7, then all higher derivatives exist and are ana- 
lytic in R. The above results do not conflict with this, since the function f(z) = z’ sin(1/z) is not analytic 
in any region which includes z = 0. 


5.28. (a) Let F(z) be analytic inside and on a simple closed curve C except for a pole of order m at z = a 
inside C. Prove that 


oie wi 
= } (2) dz = lim (m — Diag {(z — a)" F(2)} 
c 


(b) How would you modify the result in (a) if more than one pole were inside C? 
Solution 


(a) If F(z) has a pole of order m at z = a, then F(z) = f(z)/(z — a)” where f(z) is analytic inside and on C, and 
f(a) 40. Then, by Cauchy’s integral formula, 


] Lf fo, feO@ 1 gl : 
Omi | PIES | Gaon Ge DL eG Dia OO 
Cc Cc 


(b) Suppose there are two poles at z = a, and z = ap inside C, of orders m, and mp, respectively. Let ['; and 
T, be circles inside C having radii €; and € and centers at a; and a», respectively (see Fig. 5-12). Then 


27 27 
Cc T; T, 


aap hod= sa frod+sbrod (1) 
QT 
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Fig. 5-12 


If F(z) has a pole of order m; at z = aj, then 


F(2= aoe where f\(z) is analytic and f;(a,;) #0 
Z— ay 
If F(z) has a pole of order m2 at z = ap, then 
F(Z = es where f(z) is analytic and fo(a2) #0 
(Z — an)"” 
Then, by (1) and part (a), 
1 1 fi(2) 1 SoZ) 
— 0 F(z)dz= dz+ 
sa de ah sabe 
Cc T; Ty 
fim — 4h ga" FO) 
~ gas (my — Dldem—1 A 


i 1 a’ —]1 
+ lim 
z>an (My 1)! dzm—] 


{(z — a2)" F(2)} 


If the limits on the right are denoted by R,; and R2, we can write 


| F(z) dz = 27i(R; + R2) 
Cc 


where R; and Rp» are called the residues of F(z) at the poles z = a, and z = ap. 

In general, if F(z) has a number of poles inside C with residues R;, Ro,..., then $e F(z) dz = 27 
times the sum of the residues. This result is called the residue theorem. Applications of this theorem, 
together with generalization to singularities other than poles, are treated in Chapter 7. 


v4 
5.29. Evaluate | dz where C is the circle |z| = 4. 


(2+ ry 
Cc 


Solution 
= e 
are at z = +77 inside C and are both of order two. 


The poles of = 
. (@+ryP @—aivr(et mY 


~ 4a 


e& _ ati 
(2 — wi)*(z+ mi) 


ld 
Residue at z= wi is lim (z mi) 
zoai l! dz 


ld z = 
Residue at z= —ai is lim (c+ ni)? 7 Sh wee 
zo—mi l!dz (z — mi)*(z + Tri) 40° 
Th | ae ee aint at pea oe eo Beet) a! 
en TT = sum of residues) = t Sy 
(2+ 7°) 3 = - 4 47 T 


Cc 
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SUPPLEMENTARY PROBLEMS 


Cauchy’s Integral Formulas 


1 iz 
5.30. Evaluate — | nee if Cis: (a) the circle |z|} =3, (b) the circle |z| = 1. 
277i J z—2 
Cc 


= ~ dz if C is the circle |z| = 5. 


5.31. Evaluate | = 
Z+ 7, 
Cc 


2-71 


3z 
5.32. Evaluate | i dzif Cis: (a) the circle |z—1]|=4,  (b) the ellipse |z— 2| + |z+2| = 6. 
C 


cos 72 
2-1 


dz around a rectangle with vertices at: (a) 2 + i, —2 + i; (b) —i, 2-1, 2 +3, i. 


5.33. Evaluate = | 
27 
C 


et 
2+1 


dz = sint if t > 0 and C is the circle |z| = 3. 


5.34. Show that aa | 
Qi 
C 


iz 
5.35. Evaluate | < dz where C is the circle |z| = 2. 
Zz 


Cc 


5.36. Suppose C is a simple closed curve enclosing z= a and f(z) is analytic inside and on C. Prove that 


Td = 3! (2) dz 
@ =r h erat 
Cc 


5.37. Prove Cauchy’s integral formulas for all positive integral values of n. [Hint: Use mathematical induction.] 


+6 +6 

5.38. Given C is the circle |z| = 1. Find the value of (a) | Be ge. th) pte 
z— 7/6 (z — 77/6) 
Cc 


1 Zt 
5.39. Evaluate —— | a de when ¢ > 0 and C is the circle |z| = 3. 
277i J (22 +1) 
Cc 


5.40. Prove Cauchy’s integral formulas for the multiply-connected region of Fig. 4-26, page 140. 


Morera’s Theorem 
5.41. (a) Determine whether G(z) = if d¢é/¢ is independent of the path joining 1 and z. 
(b) Discuss the relationship of your answer to part (a) with Morera’s theorem. 
5.42. Does Morera’s theorem apply in a multiply-connected region? Justify your answer. 


5.43. (a) Suppose P(x, y) and Q(x, y) are conjugate harmonic functions and C is any simple closed curve. Prove that 
$-Pdx + Qdy=0. 


(b) Suppose for all simple closed curves C in a region R, $.Pdx + Qdy = 0. Is it true that P and Q are 
conjugate harmonic functions, i.e., is the converse of (a) true? Justify your conclusion. 


Cauchy’s Inequality 


5.44. (a) Use Cauchy’s inequality to obtain estimates for the derivatives of sin z at z= 0 and (b) determine how 
good these estimates are. 


5.45. (a) Show that if f(z) = 1/(1 — 2), then f(z) = n!/( — z)"*!. 


(b) Use (a) to show that the Cauchy inequality is “best possible”, i.e., the estimate of growth of the nth deriva- 
tive cannot be improved for all functions. 
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5.46. Prove that the equality in Cauchy’s inequality (5.3), page 145, holds in the case n = m if and only if 
S(2) = kM(z — a)" /r™, where |k| = 1. 


5.47. Discuss Cauchy’s inequality for the function f(z) = e7!/ © in the neighborhood of z = 0. 


Liouville’s Theorem 


5.48. The function of a real variable defined by f(x) = sinx is (a) analytic everywhere and (b) bounded, i-e., 
|sinx| < 1 for all x but it is certainly not a constant. Does this contradict Liouville’s theorem? Explain. 


5.49. Suppose a > 0 and b > 0 are constants and a non-constant function F(z) is such that F(z+ a) = F(z), and 
F(z+ bi) = F(z). Prove that F(z) cannot be analytic in the rectangle 0 <x<a,0<y<b. 


Fundamental Theorem of Algebra 


5.50. (a) Carry out the details of proof of the fundamental theorem of algebra to show that the particular function 
f() =z — 2 —2z4+ 2 has exactly four zeros. (b) Determine the zeros of f(z). 


5.51. Determine all the roots of the equations: (a) 2 —3z+4i=0, (b)7+2+4+1=0. 


Gauss’ Mean Value Theorem 


21 
1 ; 
5.52. Evaluate 5 | sin? (77/6 + 2e'%) dé. 
7 
0 


5.53. Show that the mean value of any harmonic function over a circle is equal to the value of the function at the 
center. 


5.54, Find the mean value of x? — y? + 2y over the circle |z — 5 + 2i| = 3. 
5.55. Prove that So In sin 0d0 = —71n2. [Hint. Consider f(z) = In( + z).] 


Maximum Modulus Theorem 


5.56. Find the maximum of | f(z)| in |z| < 1 for the functions f(z) given by: (a) 2 —3z+2, (b) 724241, 
(c) cos 3z, (d) (2z+ 1)/(2z — 1). 


5.57. (a) Let f(z) be analytic inside and on the simple closed curve C enclosing z = a, prove that 


1 n 
Vor =75¢ ea na0,12... 
Cc 


(b) Use (a) to prove that | f(a)|” < M"/27D where D is the minimum distance from a to the curve C and M is 
the maximum value of | f(z)| on C. 


(c) By taking the nth root of both sides of the inequality in (b) and letting n — oo, prove the maximum 
modulus theorem. 


5.58. Let U(x, y) be harmonic inside and on a simple closed curve C. Prove that the (a) maximum and (b) minimum 
values of U(x, y) are attained on C. Are there other restrictions on U(x, y)? 


5.59. Given C is the circle |z| = 1. Verify Problem 5.58 for the functions (a) x? —y? and (b) x — 3xy”. 


5.60. Is the maximum modulus theorem valid for multiply-connected regions? Justify your answer. 
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The Argument Theorem 
f'@ 
f@ 


5.61. Let f(z) = 2 — 3iz? +2z— 1 +i. Evaluate | dz where C encloses all the zeros of f(z). 


(241) 1 $72 : : 
5.62. Let f(z) = ———_——... Evaluate —— dz where C is the circle |z| = 4. 
F@ (22 + 2z+ 2) ami J F@) al 
f@ 


5.63. Evaluate | @ dz if C is the circle |z| = 7 and (a) f(z) = sin mz, (b) f(z) = cos 7z, (c) f(z) = tan mz. 


Cc 


i L f( ) 4 ) 3 | 2 12z t 20 and C 1s the circle |z| = 5. Evaluate | a 
5. 64 et Z=2Z 2 z 
Cc 


dz. 


Rouché’s Theorem 
5.65. If a> e, prove that the equation az” = e* has n roots inside |z| = 1. 
5.66. Prove that ze* = a where a0 is real has infinitely many roots. 


5.67. Prove that tan z = az, a > 0 has (a) infinitely many real roots, (b) only two pure imaginary roots if0 <a < 1, 
(c) all real roots if a> 1. 


5.68. Prove that ztanz = a, a > 0 has infinitely many real roots but no imaginary roots. 


i u i 
Poisson’s Integral Formulas for a Circle 
QT 


R2 = r 
5.69. Show that | 
R? — 2Rrcos(6 — ) + r? 
0 


doé=27 


(a) with, (b) without Poisson’s integral formula for a circle. 


5.70. Show that: 


27 eT 
eos cos(sin d) FT eoos sin(sin $) Go. . 
dd= cosé i b db= cos 6 .: : ’ 
© | peewee tem gem eosin.) | Seem thm gem sinin 8 
0 


0 
5.71. (a) Prove that the function 


EOE Sy she Saris ake oe 
1-r 


2 
U(r, 6) = 2 tan 
7 
is harmonic inside the circle |z| = 1. 


_fl 0<@<a 
AD) Show iat ae o={1, 1T<0<27. 


(c) Can you derive the expression for U(r, 6) from Poisson’s integral formula for a circle? 


5.72. Suppose f(z) is analytic inside and on the circle C defined by |z| = R and suppose z = re’? 


Show that 


is any point inside C. 


i = — r’)f(Re'®) sin(@ — ) 


2a} [R2 — 2Rrcos(@— ¢) + 7 
0 


f(re*) = dd 


5.73. Verify that the functions u and v of equations (5.7) and (5.8), page 146, satisfy Laplace’s equation. 
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Poisson’s Integral Formulas for a Half Plane 


5.74. 


5.75. 
5.76. 
5.77. 


5.78. 


Find a function that is harmonic in the upper half plane y > 0 and that on the x axis takes the values —1 if 
x <Oand 1ifx>0. 


Work Problem 5.74 if the function takes the values —1 if x < —1, Oif -l1<x<l,andlifx>1. 
Prove the statement made in Problem 5.22 that the integral over [ approaches zero as R > ©. 


Prove that under suitable restrictions on f(x), 


dx = f() 


1 | nf (x) 
(x—éP + 7? 


and state these restrictions. 


Verify that the functions u and v of equations (5.10) and (5.11), page 146, satisfy Laplace’s equation. 


Miscellaneous Problems 


5.79. 


5.80. 


5.81. 


5.82. 


5.83. 


5.84. 


5.85. 
5.86. 
5.87. 
5.88. 


5.89. 


1 2 
Evaluate —— | ane where C is the square with vertices at +2, +2 + 4i. 
271i J 2 +4 
Cc 


2 tz 


Evaluate | te dz where C is the circle |z| = 1 andr > 0. 


2 
C 
(a) Show that | 


Cc 
(b) Use (a) to show that 


© _ _ aj if Cis the circle |z| = 2. 
z+1 


pote <0 er 
@+1P +, «+1P+y? 


and verify these results directly. 


Find all functions f(z) that are analytic everywhere in the entire complex plane and that satisfy the conditions 
(a) f(2 — i) = 4i and (b) | f(z) | < e? for all z. 


Let f(z) be analytic inside and on a simple closed curve C. Prove that 


27 27 
; ; (n) . . 
(a) f(@ = =| e *f(a+e'%)dé (b) f a = x | e "F(a +e") dd 
0 0 


Prove that 8zt — 6z+ 5 = 0 has one root in each quadrant. 


Show that (a) i eS ® cos(sin #)dd@=0,  (b) i e°°S 9 sin(sin 0) dO = 277. 
Extend the result of Problem 5.23 so as to obtain formulas for the derivatives of f(z) at any point in R. 


Prove that z>e!~% = 1 has exactly two roots inside the circle |z| = 1. 


Suppose ¢ > 0 and C is any simple closed curve enclosing z = —1. Prove that 
1 Zt r 
| ze ; a= (: Je" 
2mi J (+1) 2 
c 


Find all functions f(z) that are analytic in |z| < 1 and that satisfy the conditions (a) f(0) = 1 and (b) | f(z)| => 1 
for |z| < 1. 
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5.90. 


5.91. 


5.92. 


5.93. 


5.94, 
5.95. 


5.96. 


5.97. 
5.98. 


5.99, 


5.100. 
5.101. 


5.102. 
5.103. 


Let f(z) and g(z) be analytic inside and on a simple closed curve C except that f(z) has zeros at a), a2,..., Gm 
and poles at bj, bo,..., b, of orders (multiplicities) p1, po,..., Pm and qi, g2,---, Jn, respectively. Prove that 
1 ; f@ m n 
sa P SOF az = YD PeBlax) — D1 8(Ox) 
ani P87 = Prasad — De 
Suppose f(z) = agz” + ayz""! + anz"? +--+» +a, where ap #0, a1,..., dy are complex constants and C 
encloses all the zeros of f(z). Evaluate 
1 [(zft 1 [2fe 
@ 4 L£® 4, 4 IO 5 
QT f@ 27 f@ 
C C 


and interpret the results. 


Find all functions f(z) that are analytic in the region |z| < 1 and are such that (a) f(O) = 3 and (b) | f(z)| < 3 for 
all z such that |z| < 1. 


Prove that z° + 192z + 640 = 0 has one root in the first and fourth quadrants and two roots in the second and 
third quadrants. 


Prove that the function xy(x* — y*) cannot have an absolute maximum or minimum inside the circle |z| = 1. 


(a) If a function is analytic in a region F, is it bounded in R? (b) In view of your answer to (a), is it necessary to 
state that f(z) is bounded in Liouville’s theorem? 


Find all functions f(z) that are analytic everywhere, have a zero of order two at z = 0, satisfy the condition 
|f'(2)| < 6|z| for all z, and are such that f(i) = —2. 


Prove that all the roots of 2 + z— 167 = 0 lie between the circles |z| = 1 and |z| = 2. 


Let U be harmonic inside and on a simple closed curve C. Prove that 


aU 
—ds=0 
$2 . 

C 


where n is a unit normal to C in the z plane and s is the arc length parameter. 


A theorem of Cauchy states that all the roots of the equation 2” + a,z"~! + ayz”"? + --- +a, = 0, where 
a, a2,..-, Ay are real, lie inside the circle |z| = 1 + max{a,, do,..., dy}, 1.e., |z| = 1 plus the maximum of 
the values a), az,..., Gy. Verify this theorem for the special cases: 


ay 2-2+2-1=0, b)74+241=0, ()t-2-2242=0, (72432 —62+10=0. 
Prove the theorem of Cauchy stated in Problem 5.99. 
Let P(z) be any polynomial. If m is any positive integer and w = e*”/”", prove that 


P(1) + P(@) + P(@”) +--+» + P(w""!) 
m 


= P(0) 


and give a geometric interpretation. 
Is the result of Problem 5.101 valid for any function f(z)? Justify your answer. 


Prove Jensen’s theorem: Suppose f(z) is analytic inside and on the circle |z| = R except for zeros at 
a1, Q2,..-, Gm Of multiplicities p;, po,..., Pm and poles at db, bo,...,b, of multiplicities gq), gz, ---, dns 
respectively, and suppose f(0) is finite and different from zero. Then 


27 


1 “ _ m R z n R 
va In | f(Re!)| dé = In| f(O)| + DP n( =) wr in(*) 


k=1 


{Hint. Consider $c In z{ f’(z)/f(z)} dz where C is the circle |z| = R.] 
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ANSWERS TO SUPPLEMENTARY PROBLEMS 


5.30. (a) e?, (b) 0 5.54, 17 

5.31. 277 5.61. 1077 

5.32. (a) —277, (b) 0 5.62. —2 

5.33. (a) 0, (b) 3 5.63. (a) 147i, (b) 127i, (c) 27 

5.35. —7 5.64. 4a 

5,38, (a) mi/32, (b) 2171/16 5.74, 1 —(2/m)tan—(y/x) 

5.39. 4(sint — tcost) 5.75. 1 “tan! (= :) tan! (- * -) 
5.50. (b) : ; “1! rae 

eee ae): 5.80. —27i0 


(b) (-1 + Vi), 4(1 + V3i 


5.91. —a/ao, (b) (aj — 2anar)/ap 
5.52. 1/4 1/a0, (b) (az — 2apar)/a5 


CHAPTER 6 


Infinite Series 
Taylor’s and Laurent’s Series 


6.1 Sequences of Functions 


The ideas of Chapter 2, pages 48 and 49, for sequences and series of constants are easily extended to 
sequences and series of functions. 

Let 1 (Z), U2(Z),.--,Un(Z),--., denoted briefly by {u,,(z)}, be a sequence of functions of z defined and 
single-valued in some region of the z plane. We call U(z) the limit of u,(z) as n — ©, and write 
limp oo Un(Z) = U(z), if given any positive number e€, we can find a number N [depending in general on 
both € and z] such that 


|un(z) — U(z)| <€ foralln>N 


In such a case, we say that the sequence converges or is convergent to U(z). 

If a sequence converges for all values of z (points) in a region R, we call 7 the region of convergence of 
the sequence. A sequence that is not convergent at some value (point) z is called divergent at z. 

The theorems on limits given on page 49 can be extended to sequences of functions. 


6.2. Series of Functions 


From the sequence of functions {u,(z)}, let us form a new sequence {S,,(z)} defined by 


Si(z) = u(z) 
So(z) = uy (Z) + uo(z) 


Sn(Z) = uy (Z) + un(Z) + +++ + Un(Z) 
where S,,(z), called the nth partial sum, is the sum of the first n terms of the sequence {u,,(z)}. 
The sequence S$;(z), $2(z),... or {S,(z)} is symbolized by 


foe) 


14(2) + uy(2) +++ = Yo un (2) (6.1) 


n=1 


called an infinite series. If limy—, oo S,(z) = S(z), the series is called convergent and S(z) is its sum; otherwise, 
the series is called divergent. We sometimes write )~°_; un(z) as )> un(z) or >> up for brevity. 
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As we have already seen, a necessary condition that the series (1) converges is limy_, 0 u,(z) = 0, but this 
is not sufficient. See, for example, Problem 2.150, and also Problems 6.67(c), 6.67(d), and 6.111(a). 

If a series converges for all values of z (points) in a region 7, we call Fe the region of convergence of the 
series. 


6.3 Absolute Convergence 


A series )~*_, up(z) is called absolutely convergent if the series of absolute values, ie., )>”, [Un(Z)I, 
converges. 

If So", un(z) converges but S~*, |u,(z)| does not converge, we call °°”, u,(z) conditionally 
convergent. 


6.4 Uniform Convergence of Sequences and Series 


In the definition of limit of a sequence of functions, it was pointed out that the number N depends in 
general on ¢ and the particular value of z. It may happen, however, that we can find a number N such 
that |u,(z) — U(z)| < € for all n > N, where the same number N holds for all z in a region FR [i.e., N 
depends only on € and not on the particular value of z (point) in the region]. In such a case, we say that 
un(z) converges uniformly, or is uniformly convergent, to U(z) for all z in R. 

Similarly, if the sequence of partial sums {S,,(z)} converges uniformly to S(z) in a region, we say that the 
infinite series (6.1) converges uniformly, or is uniformly convergent, to S(z) in the region. 

We call R,(z) = Un4i(Z) + Ungo(Z) +--+ = S(z) — Sn(z) the remainder of the infinite series (6.1) 
after n terms. Then, we can equivalently say that the series is uniformly convergent to S(z) in FR if, 
given any € > 0, we can find a number WN such that for all z in R, 


|Rn(z)| = |S(z) — Sp(z)| < € for alln>N 


6.5 Power Series 


A series having the form 
ay + ay(Z— a) +an(Z— ay +--+ = Yo an(z— a)" (6.2) 
n=0 


is called a power series in z— a. We shall sometimes shorten (6.2) to > ay(z — a)”. 

Clearly the power series (6.2) converges for z = a, and this may indeed be the only point for which it 
converges [see Problem 6.13(b)]. In general, however, the series converges for other points as well. In 
such cases, we can show that there exists a positive number R such that (6.2) converges for |z—a| < R 
and diverges for |z — a| > R, while for |z — a| = R, it may or may not converge. 

Geometrically, if is a circle of radius R with center at z = a, then the series (6.2) converges at all points 
inside [’ and diverges at all points outside [’, while it may or may not converge on the circle [. We 
can consider the special cases R= 0 and R = ov, respectively, to be the cases where (6.2) converges 
only at z=a or converges for all (finite) values of z. Because of this geometrical interpretation, R is 
often called the radius of convergence of (6.2) and the corresponding circle is called the circle of 
convergence. 
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6.6 Some Important Theorems 


For reference purposes, we list here some important theorems involving sequences and series. Many of 
these will be familiar from their analogs for real variables. 


A. General Theorems 


THEOREM 6.1. 


THEOREM 6.2. 


THEOREM 6.3. 


THEOREM 6.4. 


THEOREM 6.5. 


THEOREM 6.6. 


THEOREM 6.7. 


If a sequence has a limit, the limit is unique [i.e., it is the only one]. 


Let u, = a, + ib,, n= 1, 2, 3,..., where a, and b, are real. Then, a necessary and 
sufficient condition that {u,} converge is that {a,} and {b,} converge. 


Let {a,} be a real sequence with the property that 


(1) an+1 = an or an+1 < an 
(ii) |a,| < M (a constant) 


Then {a,} converges. 

If the first condition in Property (i) holds, the sequence is called monotonic increasing; 
if the second condition holds, it is called monotonic decreasing. If Property (11) holds, the 
sequence is said to be bounded. Thus, the theorem states that every bounded monotonic 
(increasing or decreasing) sequence has a limit. 


A necessary and sufficient condition that {u,,} converges is that given any € > 0, we can 
find a number N such that |u, —u,| < € for allp > N,g >N. 

This result, which has the advantage that the limit itself is not present, is called 
Cauchy’s convergence criterion. 


A necessary condition that )* u, converge is that lim,_,.0 U, = 0. However, the condition 
is not sufficient. 


Multiplication of each term of a series by a constant different from zero does not affect 
the convergence or divergence. Removal (or addition) of a finite number of terms from 
(or to) a series does not affect the convergence or divergence. 


A necessary and sufficient condition that pane | (4, + ib,) converges, where a, and b,, are 
. foe} [o.e} 
real, is that }°), a, and }°_, b, converge. 


B. Theorems on Absolute Convergence 


THEOREM 6.8. 


THEOREM 6.9. 


If), |un| converges, then }°”, u, converges. In words, an absolutely convergent 
series is convergent. 


The terms of an absolutely convergent series can be rearranged in any order and all such 
rearranged series converge to the same sum. Also, the sum, difference, and product of 
absolutely convergent series is absolutely convergent. 

These are not so for conditionally convergent series (see Problem 6.127). 


C. Special Tests for Convergence 


THEOREM 6.10. (Comparison tests) 


(a) If >° |v,| converges and |u,| < |v,|, then )* u, converges absolutely. 


(b) If }>° |v,| diverges and |u,,| > |v,|, then >> |u,| diverges but 5* u, may or may not 
converge. 
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THEOREM 6.11. (Ratio test) Let Lim) 00 |Mn-+1 / up| = L. Then > u, converges (absolutely) if L < 1 and 
diverges if L > 1. If L = 1, the test fails. 


THEOREM 6.12. (nth Root test) Let lim,_.00 </|Up,| = L. Then )° u, converges (absolutely) if L < 1 and 
diverges if L > 1. If L = 1, the test fails. 


THEOREM 6.13. (Integral test) If f(x) > 0 for x > a, then )~ f(n) converges or diverges according as 
limy-sco i f(x) dx converges or diverges. 


THEOREM 6.14. (Raabe’s test) Let limp n(l — |uin+1/Un|) = L. Then >> u, converges (absolutely) if 
L > 1 and diverges or converges conditionally if L < 1. If L= 1, the 
test fails. 


THEOREM 6.15. (Gauss’ test) — Suppose |ty41/Un| = 1 — (L/n) + (cn/n?) where |cn| <M for all n > N. 
Then }° uw, converges (absolutely) if L > 1 and diverges or converges 
conditionally if ZL < 1. 


THEOREM 6.16. (Alternating series test) If a, > 0, dn41 <a, for n= 1, 2, 3,... and lim,.0 a, = 0, 


then a} —a2 +a3-—---=)> (—1)""!a, converges. 


D. Theorems on Uniform Convergence 


THEOREM 6.17. (Weierstrass M test) —_|u,(z)| < M,, where M,, is independent of z in a region R and 
>= M, converges, then > u,(z) is uniformly convergent in R. 


THEOREM 6.18. |The sum of a uniformly convergent series of continuous functions is continuous, i.e., if 
u,(Z) is continuous in R and S(z) = )~ u,(z) is uniformly convergent in R, then S(z) is 
continuous in R. 


THEOREM 6.19. — Suppose {u,,(z)} are continuous in R, S(z) = >> up(z) is uniformly convergent in R and 
C is acurve in R. Then 


| sae = fueae+ [utede + 
Cc Cc Cc 


or 


| { oun@| a= | un(2) dz 


Cc Cc 


In words, a uniformly convergent series of continuous functions can be integrated 
term by term. 


THEOREM 6.20. Suppose u/,(z) = (d/dz)u,(z) exists in R, > u\(z) converges uniformly in R and 
>> u,(z) converges in R. Then (d/dz) )* un(z) = >> u,(z). 


THEOREM 6.21. Suppose {u,(z)} are analytic and }°u,(z) is uniformly convergent in R. Then 
S(z) = )- u,(z) is analytic in R. 
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E. Theorems on Power Series 


THEOREM 6.22. A power series converges uniformly and absolutely in any region that lies entirely inside 
its circle of convergence. 


THEOREM 6.23. (a) A power series can be differentiated term by term in any region that lies entirely 
inside its circle of convergence. 
(b) A power series can be integrated term by term along any curve C that lies entirely 
inside its circle of convergence. 
(c) The sum of a power series is continuous in any region that lies entirely inside its 
circle of convergence. 


These follow from Theorems 6.17—6.19 and 6.21. 
THEOREM 6.24.  (Abel’s theorem) — Let }° anz" have radius of convergence R and suppose that zo is a 
point on the circle of convergence such that }° a,zj converges. Then, lim... )> anz" = 


Y= anz Where z > Zo from within the circle of convergence. Extensions to other power 
series are easily made. 


THEOREM 6.25. Suppose )°a,,z” converges to zero for all z such that |z| < R where R > 0. Then a, = 0. 
Equivalently, if }° a,z” = )- byz" for all z such that |z| < R, then ay, = by. 


6.7 Taylor’s Theorem 


Let f(z) be analytic inside and on a simple closed curve C. Let a and a+ h be two points inside C. Then 


2 n 
Fath) =f) + hf @ + Ah" @ +--+ 5h%@ + (6.3) 
or writing z=a+h,h=z-a, 
Td (n) 
OQ =f@ +P @e—a +O e—a? +--+ 9 G-art- (6.4) 


This is called Taylor’s theorem and the series (6.3) or (6.4) is called a Taylor series or expansion for 
fla +h) ot f(2). 

The region of convergence of the series (6.4) is given by |z — a| < R, where the radius of convergence R 
is the distance from a to the nearest singularity of the function f(z). On |z — a| = R, the series may or may 
not converge. For |z — a| > R, the series diverges. 

If the nearest singularity of f(z) is at infinity, the radius of convergence is infinite, i.e., the series con- 
verges for all z. 

If a = 0 in (6.3) or (6.4), the resulting series is often called a Maclaurin series. 


6.8 Some Special Series 


The following list shows some special series together with their regions of convergence. In the case of 
multiple-valued functions, the principal branch is used. 


2 


aoe veh 
r4 — — — eee — eee 
l. e SLRet at phe Iz] < © 
3 OS 2n-1 
2. sinz a nn yas es re ieee 


3! OS! (2n — 1)! 


CHAPTER 6 Infinite Series Taylor’s and Laurent’s Series 


ae ai ap et? 
SM aR agT aes Fs Ommaay Ce z| < 00 
2 3 
4. Ind +z) =z ae sche pre 4 pee 
Gite eos oe <1 
) eee an —1 z 
6. +2 =1tpc+PP Ms, Aer): to n+l) 5 seus 


From the list above, note that the last is the binomial theorem or formula. If (1 + z)? is multiple-valued, 
the result is valid for that branch of the function which has the value 1 when z = 0. 


6.9 Laurent’s Theorem 


Let C, and C, be concentric circles of radii R, and Rp, respect- 
ively, and center at a [Fig. 6-1]. Suppose that f(z) is single- 
valued and analytic on C, and C) and, in the ring-shaped 
region FR [also called the annulus or annular region] between y 


C,; and C3, is shown shaded in Fig. 6-1. Let a+h be any point Ci 
in R. Then we have 
a_| a_2 a_3 
h) = h io te ES (6. 

fla +h) = do +aih + anh? +--+ +5 + =F + --- (6.5) es 
where 

1 

eee ee ee a ee x 
2mi J (z—ay"* 
C 


(6.6) 


1 is. & 
aon = so bea) fade nea ee Fig. 6-4 
27 
Cc 


C, and C, being traversed in the positive direction with respect to 
their interiors. 

In the above integrations, we can replace C; and C, by any concentric circle C between C; and C} [see 
Problem 6.100]. Then, the coefficients (6.6) can be written in a single formula, 


== » ——___ n=0, +1, +2,... (6.7) 


With an appropriate change of notation, we can write the above as 


f() =ao t+a\(z—a) +.ay(z— a)? +--+ aa sta +.-- (6.8) 


z-a (z—ay’ 


where 


at qoor FQ) 
an Fai) Gay 


This is called Laurent’s theorem and (6.5) or (6.8) with coefficients (6.6), (6.7), or (6.9) is called a Laurent 
series Or expansion. 

The part ap + a) (z — a) + an(z — a) +--+ is called the analytic part of the Laurent series, while the 
remainder of the series, which consists of inverse powers of z — a, is called the principal part. If the prin- 
cipal part is zero, the Laurent series reduces to a Taylor series. 


= 0,2) 2555.3 (6.9) 
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6.10 


Classification of Singularities 


It is possible to classify the singularities of a function f(z) by examination of its Laurent series. For this 
purpose, we assume that in Fig. 6-1, Ry = 0, so that f(z) is analytic inside and on C; except at z= <a, 
which is an isolated singularity [see page 81]. In the following, all singularities are assumed isolated 
unless otherwise indicated. 


1. 


Poles. If f(z) has the form (6.8) in which the principal part has only a finite number of terms 
given by 
a_| a_2 aA_n 


z-—a Gata oN Gay 


where a_, # 0, then z = a is called a pole of order n. If n = 1, it is called a simple pole. 
If f(z) has a pole at z = a, then lim,,, f(z) = © [see Problem 6.32]. 


Removable singularities. If a single-valued function f(z) is not defined at z = a but lim,_,, f(z) 
exists, then z= a is called a removable singularity. In a such case, we define f(z) at z= a as 
equal to lim,_,, f(z), and f(z) will then be analytic at a. 


EXAMPLE 6.1: If f(z) =sinz/z, then z=O is a removable singularity since f(0) is not defined 
but lim,_,9 sinz/z = 1. We define f(0) = lim,_,9 sin z/z = 1. Note that in this case 


sinz | Pp pp zi : ez gt 
Z ey oe ee 


| | 
Z Zz 3! 


Essential singularities. If f(z) is single-valued, then any singularity that is not a pole or removable 
singularity is called an essential singularity. If z = a is an essential singularity of f(z), the principal 
part of the Laurent expansion has infinitely many terms. 
EXAMPLE 6.2: Since e!/* = 1 4 L | : : +--+, z= 0 is an essential singularity. 
Zz Qe? 3lz3 
The following two related theorems are of interest (see Problems 6.153-—6.155): 


Casorati- Weierstrass theorem. In any neighborhood of an isolated essential singularity a, 
an otherwise analytic function f(z) comes arbitrarily close to any complex number an infinite 
number of times. In symbols, given any positive numbers 6 and € and any complex number A, 
there exists a value of z inside the circle |z — a| = 6 for which | f(z) —A| < e. 

Picard’s theorem. In the neighborhood of an isolated essential singularity a, an otherwise analytic 
function f(z) takes on every complex value with perhaps one exception. 


Branch points. A point z = Zo is called a branch point of a multiple-valued function f(z) if the 
branches of f(z) are interchanged when z describes a closed path about zp [see page 45]. A 
branch point is a non-isolated singularity. Since each of the branches of a multiple-valued function 
is analytic, all of the theorems for analytic functions, in particular Taylor’s theorem, apply. 


EXAMPLE 6.3: The branch of f(z) = z!/*, which has the value 1 for z= 1, has a Taylor series of the 
form ay + ay(z— 1) + an(z — 1)? + --- with radius of convergence R = 1 [the distance from z = 1 to the 
nearest singularity, namely the branch point z = 0]. 


Singularities at infinity. By letting z = 1/w in f(z), we obtain the function f(1/w) = F(w). Then 
the nature of the singularity for f(z) at z = oo [the point at infinity] is defined to be the same as that 
of F(w) at w = 0. 


EXAMPLE 6.4: f(z) = 2’ has a pole of order 3 at z = 00, since F(w) = f(1/w) = 1/w’ has a pole of order 3 at 
w = 0. Similarly, f(z) = e* has an essential singularity at z = 00, since F(w) = f(1/w) = e!/" has an essential 
singularity at w = 0. 
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6.11 Entire Functions 


A function that is analytic everywhere in the finite plane [i.e., everywhere except at 00] is called an entire 
function or integral function. The functions e*, sin z, cos z are entire functions. 

An entire function can be represented by a Taylor series that has an infinite radius of convergence. 
Conversely, if a power series has an infinite radius of convergence, it represents an entire function. 

Note that by Liouville’s theorem [Chapter 5, page 145], a function which is analytic everywhere includ- 
ing © must be a constant. 


6.12 Meromorphic Functions 


A function that is analytic everywhere in the finite plane except at a finite number of poles is called a 
meromorphic function. 


EXAMPLE 6.5: z/(z — 1)(z + 3)°, which is analytic everywhere in the finite plane except at the poles z = 1 (simple 
pole) and z = —3 (pole of order 2), is a meromorphic function. 


6.13 Lagrange’s Expansion 


Let z be that root of z = a + £#(z) which has the value z = a when ¢ = 0. Then, if #(z) is analytic inside and 
on a circle C containing z = a, we have 


ee) n dq’ 
z=at eae {[h(a)}"} (6.10) 


More generally, if F(z) is analytic inside and on C, then 


Fear es 
Q= ——— 
aH aa" 1 


{F(a p(a)}"} (6.11) 


The expansion (6.11) and the special case (6.10) are often referred to as Lagrange’s expansions. 


6.14 Analytic Continuation 


Suppose that we do not know the precise form of an analytic 
function f(z) but only know that inside some circle of conver- 
gence C) with center at a [Fig. 6-2], f(z) is represented by a y 
Taylor series 


ay + ay(z — a) + an(z — a)? +=: (6.12) 


Choosing a point b inside C;, we can find the value of f(z) and 
its derivatives at b from (6.13) and thus arrive at a new series 


c 
oa es “£p Path P, 


bo + bi(z — b) + byo(z — bY +=: (6.13) 


having circle of convergence C}. If Cy extends beyond C, Fig. 6-2 
then the values of f(z) and its derivatives can be obtained in 
this extended portion and so we have achieved more infor- 
mation concerning f(z). 

We say, in this case, that f(z) has been extended analytically beyond C, and call the process analytic 
continuation or analytic extension. 

The process can, of course, be repeated indefinitely. Thus, choosing point c inside C2, we arrive at a new 
series having circle of convergence C3 which may extend beyond C; and C), etc. 

The collection of all such power series representations, i.e., all possible analytic continuations, is defined 
as the analytic function f(z) and each power series is sometimes called an element of f(z). 
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In performing analytic continuations, we must avoid singularities. For example, there cannot be any singu- 
larity in Fig. 6-2 that is both inside C and on the boundary of C;, otherwise (6.13) would diverge at this point. 
In some cases, the singularities on a circle of convergence are so numerous that analytic continuation is 
impossible. In these cases the boundary of the circle is called a natural boundary or barrier [see Problem 
6.30]. The function represented by a series having a natural boundary is called a Jacunary function. 

In going from circle C| to circle C,, [Fig. 6-2], we have chosen the path of centers a, b, c, ... , p, which we 
represent by path P,. Many other paths are also possible, e.g., a, b’, c’,...,p represented briefly by path P>. 
A question arises as to whether one obtains the same series representation valid inside C,, when one chooses 
different paths. The answer is yes, so long as the region bounded by paths P; and P2 has no singularity. 

For a further discussion of analytic continuation, see Chapter 10. 


SOLVED PROBLEMS 


Sequences and Series of Functions 
6.1. Using the definition, prove that lim,_, 0 (1 + =) = | for all z. 
n 


Solution 


Given any number € > 0, we must find N such that |1 + z/n — 1| < eforn > N. Then |z/n| < €,ive., |z|/n < € 
ifn > |z\/e=N. 


6.2. (a) Prove that the series 21 —z)+2(1—z)+2(1—z2)+-:- converges for |z| <1, and 
(b) find its sum. 


Solution 


The sum of the first n terms of the series is 


S,(2) = Al —2 +70 -—2+---+270=-2) 
=z 2 2 2 foe Bc zn gtd =z ziti 
Now |S,(z)—z| =|—2t'| =I|2l"*!<e for (n+1)Iniz]|<Ine, ie, n+1>Ine/In|z| or 


n> (Ine/In |z|) — 1. 

If z= 0, S,(0) = 0 and |S,,(0) — 0| < € for all n. 

Hence lim)... $,(z) = z, the required sum for all z such that |z| < 1. 
Another Method. Since S,(z) = z— z"*!, we have [by Problem 2.41, in which we showed that lim,_,.. z” = 0 
if |2| < 1] 


Hit Bey = 


Required sum = S(z) = lim S,(z) = lim (z — z Zi 


Absolute and Uniform Convergence 
6.3. (a) Prove that the series in Problem 6.2 converges uniformly to the sum z for |z| < 5: 


(b) Does the series converge uniformly for |z| < 1? Explain. 


Solution 


(a) In Problem 6.2, we have shown that |S,,(z) — z| < € for alln > (In e/In|z|) — 1, 1.e., the series converges to 
the sum z for |z| < 1 and thus for |z| < }. 
Now if |z| < + the largest value of (Ineé/In|z|)— 1 occurs where |z| = 5 and is given by 
dn €/In(1/2)) — 1 = N. It follows that |S,(z) — z| < € for all n > N where N depends only on € and not 
on the particular z in |z| < 5. Thus, the series converges uniformly to z for |z| < 5. 
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(b) The same argument given in part (a) serves to show that the series converges uniformly to sum z for 
|z| < .9 or |z| < .99 by using NV = (Ine/In(.9)) — 1 and N = (Ine/In(.99)) — 1, respectively. 
However, it is clear that we cannot extend the argument to |z| <1 since this would require 


N = (Ine/In 1) — 1, which is infinite, i.e., there is no finite value of N that can be used in this case. 
Thus, the series does not converge uniformly for |z| < 1. 


6.4. (a) Prove that the sequence {1 /it+ nz} is uniformly convergent to zero for all z such that |z| > 2. 


(b) Can the region of uniform convergence in (a) be extended? Explain. 


Solution 


(a) We have |(1/1 +nz) — 0| < ewhen 1/|1 +n2| < €or |1+nz| > 1/e. Now, |1 + nz| < [1] + |nz| = 1+anIz| 
and 1+n|z| > |1+nz| > 1/e for n > (1/e— 1/|z|). Thus, the sequence converges to zero for |z| > 2. 


To determine whether it converges uniformly to zero, note that the largest value of (1/e— 1/|z|) 
in |z| => 2 occurs for |z| = 2 and is given by s{(1/e) — 1}=N. It follows that \(1/1 +nz)— 0| < for all 
n>N where N depends only on € and not on the particular z in |z| > 2. Thus, the sequence is 
uniformly convergent to zero in this region. 

(b) If dis any positive number, the largest value of ((1/e) — 1)/|z| in |z| => 6 occurs for |z| = 6 and is given by 
((1/e) — 1)/6. As in part (a), it follows that the sequence converges uniformly to zero for all z such that 
|z| => 6, i.e., in any region that excludes all points in a neighborhood of z = 0. 

Since 6 can be chosen arbitrarily close to zero, it follows that the region of (a) can be extended 

considerably. 


6.5. Show that (a) the sum function in Problem 6.2 is discontinuous at z = 1, (b) the limit in Problem 6.4 
is discontinuous at z = 0. 


Solution 


(a) From Problem 6.2, S,(z) = z—2z"t!, S(z) = limyoo Sn(z). If |zl < 1, S(z) = limy+oo Sn(z) = z. If z= 1, 
Sn(Z) = S,(1) = 0 and limy_,.. S,(1) = 0. Hence, S(z) is discontinuous at z = 1. 


(b) From Problem 6.4, if we write u,(z) = 1/1 + nz and U(z) = limy_-+o Un(z), we have U(z) = Oif z 4 O and 1 
if z= 0. Thus, U(z) is discontinuous at z = 0. 


These are consequences of the fact [see Problem 6.16] that if a series of continuous functions is uniformly 
convergent in a region FR, then the sum function must be continuous in R. Hence, if the sum function is not 
continuous, the series cannot be uniformly convergent. A similar result holds for sequences. 


6.6. Prove that the series of Problem 6.2 is absolutely convergent for |z| < 1. 


Solution 


Let 7,(z) = |¢1—2) + |e —2) +--+ |e" — 2) = | = 2lflel + le? + lel? ++ + I2l"} 


1 — |z|" 
=o all | 


If |z| < 1, then lim, +00 |z|” = 0 and lim,_,.. T;,(z) exists so that the series converges absolutely. 


Note that the series of absolute values converges in this case to |1 — z||z|/1 — |z|. 


Special Convergence Tests 


6.7. Suppose >> |v,| converges and |uUn| < |vnl,n = 1, 2, 3,.... Prove that >~ |u,| also converges 
(i.e., establish the comparison test for convergence). 
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6.8 


6.9. 


6.10. 


Solution 

Let S;, = |u| + |u2| +--+ + |unl, Tr = |vi| + [v2] +--+ + [tml 
Since }* |v,| converges, lim, T, exists and equals T, say. Also since |v,| > 0, T, < T. 
Then S, = |uy| + |u2| +--+ + [unl < lor] + lve] +--+ + |v»| < Tor0< 8S, < T. 


Thus, S,, is a bounded monotonic increasing sequence and must have a limit [Theorem 6.3, page 171], 
i.e., >> |un| converges. 


1 1 1 =~ 1 
Prove that ip + ae + 3p te 2 7 converges for any constant p > 1. 
Solution 
We have 
ae 
1p [pol 


a ree 1 

2p 3P— OP Op DpH} 
Be Balle cole LT edt aS 1 
4p ' 5p | 6 JP 4p 4P 4p ' Ap pal 


etc., where we consider 1, 2, 4, 8, ... terms of the series. It follows that the sum of any finite number of terms of 
the given series is less than the geometric series 
1 1 1 1 1 
[p-1 * Qp-1 * 4p-1 * gpl ~ 1 =1/2P-1 


which converges for p > 1. Thus the given series, sometimes called the p series, converges. 
By using a method analogous to that used here together with the comparison test for divergence [Theorem 
6.10(b), page 171], we can show that yee, 1/n? diverges for p < 1. 


Prove that an absolutely convergent series is convergent. 


Solution 


Given that }~ |u,| converges, we must show that )* u, converges. Let 


Sum =u +ug+-+>+uy and Ty = |uy| + |u| +--+ + |u| 
Then 
Su + Tu = (1 + mil) + U2 + |u|) +++ + (um + [uml 
S 2\ui| + 2\u2| +--+ + 2|um| 
Since )*|u,| converges and u, + |u,| > 0 for n= 1, 2, 3,..., it follows that Sy + Ty is a bounded 


monotonic increasing sequence and so limy_.o (Sy + Ty) exists. 
Also since limy-o Ty exists [because, by hypothesis, the series is absolutely convergent], 


si, Sue = im, Sue + Tie — Tie) = i, (Soe + Te) — ie, Ta 


must also exist and the result is proved. 


Prove that y — converges (absolutely) for |z| < 1. 
Solution 


Zz Z|" 1 1 


If |z| < 1, then = | < S55! 
nn+1)} na+1)7 nn+1)7 nr? 


Taking u, = 2"/n(n+ 1), v» = 1 [n° in the comparison test and recognizing that }* 1 [n? converges by 
Problem 6.8 with p = 2, we see that }° |u,,| converges, i.e., )> u, converges absolutely. 


6.11. 


6.12. 


6.13. 
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Establish the ratio test for convergence. 


Solution 


We must show that if lim,.0 |Uns1/Un| =L<1, then >°|u,| converges or, by Problem 6.9, >> u, is 
(absolutely) convergent. 

By hypothesis, we can choose an integer N so large that for all n > N, 
constant such that L <r < 1. Then 


Un+1/Un| <r where r is some 


|un4il S rlun 


2 
|un+2| < rlunsil < r°|uy| 


3 
|uy+3| S rlunya2l < r°lun| 


etc. By addition, 


luneil + luv4a] +--+ < luvlr +P tr +--+) 


and so }> |u»| converges by the comparison test since 0 <r < 1. 


co @+2y"! 


Find the region of convergence of the series )° ———,. 
fan + 134" 
Solution 
+2 n—1 oy 
If u, = eae then w,4) = macs a Hence, excluding 
(n+ 1)°4" (n+ 2y4r*! y 
z = —2 for which the given series converges, we have 
[Unt _ (z+2)@t+ | izt+2I 
li = lim z= 
nO} Uy, noo 4 (n+ 2) 4 
Then the series converges (absolutely) for |z+ 2|/4 <1, ie., x 


|z+2| <4. The point z = —2 is included in |z+ 2| < 4. 
If |z+ 2|/4 = 1,1e., |z+ 2| = 4, the ratio test fails. However, 
it is seen that in this case 


1 1 


a 9yn-l 
4n+1P 7 1 


(n+ 1774" 


and since )> 1 /n> converges [p series with p = 3], the given Fig. 6-3 
series converges (absolutely). 
It follows that the given series converges (absolutely) for 
|z+2| < 4. Geometrically, this is the set of all points inside and on the circle of radius 4 with center at 


z= —2, called the circle of convergence [shown shaded in Fig. 6-3]. The radius of convergence is equal to 4. 


is Lyi! 


Ona pr? ©) Laan". 


Find the region of convergence of the series (a) )>_, 


Solution 
(a) If uy, = (—1)""!2""!/(2n — 1)!, then up. = (—1)"z2""! /(2n + 1). Hence, excluding z = 0 for which the 


given series converges, we have 


2(2n — H — tim — 22 = Del? 
~ ne (2n + 1)(2n)(2n — 1)! 


Iz| 
lim —————_— = 
no (2n + 1)(2n) 
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for all finite z. Thus the series converges (absolutely) for all z, and we say that the series converges for 
|z| < 00. We can equivalently say that the circle of convergence is infinite or that the radius of convergence 
is infinite. 

(b) If uy, =nlz", Upp, = (nt 1)!z"t!. Then excluding z = 0 for which the given series converges, we have 


i 1)! n+l 
Tce ig hy ACA rn aj 
nO} Up n—>0o nizh n—>0o 
Thus, the series converges only for z = 0. 
Theorems on Uniform Convergence 
6.14. Prove the Weierstrass M test, i.e., if in a region R, |u,(z)| < M,,n = 1, 2, 3,..., where M, 


are positive constants such that 5° M, converges, then }*u,(z) is uniformly (and absolutely) 
convergent in R. 


Solution 


The remainder of the series > u,(z) after n terms is Ry(Z) = Un4i(Z) + Un42(z) +--+. Now 


IRa(Z)| = [unt (2) + Unga2(Z) + +++ |S [Ung (@)| + [uns2(2)| + °° 
< May + Mn+2 ate? 


But Mn41 + Miy2 +--+ can be made less than € by choosing n > N, since )> M, converges. Since N is clearly 
independent of z, we have |R,,(z)| < € for n > N, and the series is uniformly convergent. The absolute conver- 
gence follows at once from the comparison test. 


6.15. Test for uniform convergence in the indicated region: 


N 


= Zz 
OE dat 


°° Cos ue 


Iz] < 1; © Lass »1< el <2; Od 


Iz| <1. 


Solution 
(a) If u,(z) = eee Gees ea eee 
a nn tl? nJ/n+1— 


converges (p series with p = 3/2). Hence, by the Weierstrass M test, the given series converges uniformly 


1 
then |u,(z)| = oH if |z| < 1. Calling M, = 1/n*/?, we see that >> M, 


(and absolutely) for |z| < 1. 
1 1 1 
(b) The given series is Poe Pap Pye + ---. The first two terms can be omitted without affecting 
the uniform convergence of the series. For n > 3 and 1 < |z| < 2, we have 


1 1 2 

Bid 2 2 2 2 

In Se No aaa Re or gE Re 

Since Sey 2/n? converges, it follows from the Weierstrass M test (with M,, = 2/n7) that the given series 
converges uniformly (and absolutely) for 1 < |z| < 2. 


Note that the convergence, and thus uniform convergence, breaks down if |z| = 1 or |z| = 2 [namely at 


z= ti and z= +2i]. Hence, the series cannot converge uniformly for 1 < |z| < 2. 
(c) If z=x-+ iy, we have 
cos nz einz + ew einx—ny de oe inxtny 
Bo 2n3 . 2n3 
e~”(cos nx + isinnx) e”’(cos nx — isinnx) 
= 2n3 


2n3 


The series 


By = nx — isin nx) ; “\ e-” (cos nx + isin nx) 
an y 
— 2n3 


6.16. 


6.17. 
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cannot converge for y > 0 and y < 0, respectively [since, in these cases, the nth term does not approach 
zero]. Hence, the series does not converge for all z such that |z| < 1, and so cannot possibly be uniformly 
convergent in this region. 

The series does converge for y = 0, i.e., if z is real. In this case, z= x and the series becomes 
yor COS nx/n>. Then, since |cos nx/n>| < 1/n® and opal /n® converges, it follows from the Weier- 
strass M test (with M, = 1/n*) that the given series converges uniformly in any interval on the real axis. 


Prove Theorem 6.18, page 172, ie., if u,(z), n = 1, 2, 3,..., are continuous in 7 and peer, Un(Z) iS 
uniformly convergent to S(z) in 7, then S(z) is continuous in R. 
Solution 
If S,(z) = uy (Z) + u2(z) +--+ + up (z), and Ry(Z) = Ungi(Z) + Uny2(Z) +--+ is the remainder after n terms, it is 
clear that 

S(z) = Sn(z) + Ri(z) and S(z+h)=Sj)(z+h)+Ria(z+h) 
and so 


S(z+ h) — S(z) = Sp(z + h) — Sn(Z) + Ralz + h) — Rp (2) (1) 


where z and z+/ are in R. 
Since S,,(z) is the sum of a finite number of continuous functions, it must also be continuous. Then, given 
e€ > 0, we can find 6 so that 


|Sn(z + h) — S,(z)| < €/3 whenever |h| < 6 (2) 
Since the series, by hypothesis, is uniformly convergent, we can choose N so that for all z in R, 
IR,(z)| < €/3 and |R,(z+h)| <€/3 forn>WN (3) 
Then, from (1), (2), and (3), 
IS(Z +h) — S@)I_S [Sn + A) — Sr(Z) + [Rn(Z + A] + [Rn] < € 


for |h| < 6 and all z in R, and so the continuity is established. 


Prove Theorem 6.19, page 172, i.e., suppose {u,(z)}, n = 1, 2, 3,..., are continuous in R, 
S(z) = ie u,(z) is uniformly convergent in R and C is a curve in R. Then 


[sc a= | b 0) dz = Exe dz 
Cc 


Cc n=1 n=1 C 
Solution 


As in Problem 6.16, we have S(z) = S,(z) + R,(z) and, since these are continuous in R [by Problem 6.16], their 
integrals exist, i.e., 


Ke dz= [so dz+ | Rute dz= | uy(z) dz + ize dz+-+++ Exe dz+ Re dz 
Cc c Cc G Cc Cc Cc 
By hypothesis, the series is uniformly convergent, so that, given any e > 0, we can find a number NV 


independent of z in FR such that |R,(z)| < € when n > N. Denoting by L the length of C, we have [using 
Property (e), page 112] 


[Rue dz| < €L 
€ 


Then le S(z) dz — le Sn(Z) az| can be made as small as we like by choosing n large enough, and the result is 
proved. 
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Theorems on Power Series 


6.18. 


6.19. 


6.20. 


6.21. 


Suppose a power series }* a,z" converges for z = z) £0. Prove that it converges: 
(a) absolutely for |z| < |zo|, | (b) uniformly for |z| < |z;| where |z;| < |zol. 


Solution 


(a) Since }> a,zj converges, limy-co 4,2) = 0 and so we can make |a,z)| < 1 by choosing n large enough, ie., 
|an| < 1/|zo|" for n > N. Then 


So lane" = So lanllel” = 0 EO (1) 
N+ N+1 fa [Zo 


But the last series in (1) converges for |z| < |zo| and so, by the comparison test, the first series converges, 
i.e., the given series is absolutely convergent. 


(b) Let M, = |zi|"/|zo|". Then )~ M, converges, since |z:| < |zo|. As in part (a), |anz”| <M, for |z| < |zi| so 
that, by the Weierstrass M test, )> a,z” is uniformly convergent. 
It follows that a power series is uniformly convergent in any region that lies entirely inside its circle of 
convergence. 


Prove that both the power series }\~ .a,z" and the corresponding series of derivatives 


yo 9 NAnz"| have the same radius of convergence. 


Solution 


Let R > 0 be the radius of convergence of )> a,z". Let 0 < |zo| < R. Then, as in Problem 6.18, we can choose 
N so that |a,| < 1/|zo|" forn > N. 

Thus the terms of the series )> |nayz’ || = > nlan|{z|"~! can for n > N be made less than corresponding 
terms of the series }* n(|z|"~'/|zo|"), which converges, by the ratio test, for |z| < |zo| < R. 

Hence, >> na,z"—! converges absolutely for all points such that |z| < |zo| (no matter how close |zo| is to R), 
i.e., for |z| < R. 

If, however, |z| > R, limy-soo a,z" 40 and thus limy_, 00 naz’! £0, so that > na,z'—! does not converge. 

Thus, R is the radius of convergence of SS na,z'—'. This is also true if R = 0. 

Note that the series of derivatives may or may not converge for values of z such that |z| = R. 


Prove that in any region, which lies entirely within its circle of convergence, a power series (a) rep- 
resents a continuous function, say f(z), (b) can be integrated term by term to yield the integral of f(z), 
(c) can be differentiated term by term to yield the derivative of f(z). 


Solution 
We consider the power series )¢ a,z", although analogous results hold for > a,(z — a)”. 


(a) This follows from Problem 6.16 and the fact that each term a,z” of the series is continuous. 

(b) This follows from Problem 6.17 and the fact that each term a,z” of the series is continuous and thus 
integrable. 

(c) From Problem 6.19, the derivative of a power series converges within the circle of convergence of the 
original power series and therefore is uniformly convergent in any region entirely within the circle of con- 
vergence. Thus, the required result follows from Theorem 6.20, page 172. 


Prove that the series )°_, z’/ n’ has a finite value at all points inside and on its circle of convergence 
but that is not true for the series of derivatives. 


Solution 


By the ratio test, the series converges for |z| < 1 and diverges for |z| > 1. If |z| = 1, then |z”/n*| = 1/n? and 
the series is convergent (absolutely). Thus, the series converges for |z| < 1 and so has a finite value inside and 
on its circle of convergence. 
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The series of derivatives is )*”_, z'! In. By the ratio test, the series converges for |z| < 1. However, the 
series does not converge for all z such that |z| = 1, for example, if z = 1, the series diverges. 


Taylor’s Theorem 


6.22. Prove Taylor’s theorem: If f(z) is analytic inside a circle C with center at a, then for all z inside C, 


f'@ f"@ 
fQ)=fa+f @e-a + [-@- a +3 @- ah t- 
Solution 
Let z be any point inside C. Construct a circle C; with center at a and enclosing z Cc 
(see Fig. 6-4). Then, by Cauchy’s integral formula, 
1 (w) 
{WO= mi | f dw (1) 
Ti J w—zZz 
Cc 
We have Fig. 6-4 
1 1 1 1 
w-z (w-a)-(z-a) w-a\|l—-(-a/w-a) 
Spa Ga Gee Gee 
“wa "\w-d ' \w-d ' '\w-a 
jeep vere=: 
‘\w—a/ 1 (z — a)/(w — a) 
or 
1 1 | tT a | (<—a) | | @— a)! | (—)’ ! (2) 
w—-z w—a_ (w—ay’ (w—a)_ ' wa)" wd w—z 
Multiplying both sides of (2) by f(w) and using (1), we have 
1 { fw z-af[ fw) a)" | fw) 
— dw +4 dw+-+-4 dw + U, 
f@ ak ee w mh w en ee (3) 
on Ci Cc 
where 
Rae (Ey dw 
271i J \w-a/ w—z 
CQ 
Using Cauchy’s integral formulas 
! 
(n) ie ae ite 
tf @= 5p w n=O, 1, 2, 3,... 
Ci 
(3) becomes 
‘ Td a —Diq * 
fO=f@+tf@e-a +o Og-a? +--+ ¢-a' +0, 
2! (n— 1)! 
If we can now show that lim,,_.... U, = 0, we will have proved the required result. To do this, we note that since 
w is on Cj, 
| cee | =y< 1 
w-—a 


where y is a constant. Also, we have | f(w)| <M where ™ is a constant, and 


lw—z| =|(w—-a)—-@—-al=n—(|z-al 
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where r; is the radius of C;. Hence, from Property (e), Page 112, we have 


fee p(y" a 


27 w—a/w-Zz 
Cc 
1 y"M y"Mr, 
ioe LTr, = 
277; —|z—al r) —|z—al 


and we see that lim,_,. U, = 0, completing the proof. 


6.23. Let f(z) = In(1 + z), where we consider the branch that has the zero value when z = 0. (a) Expand 
f(2 in a Taylor series about z = 0. (b) Determine the region of convergence for the series in (a). 
(c) Expand In(1 + z/1 — z) in a Taylor series about z = 0. 


Solution 
(a) f(z) = In(1 +2), f(0) =0 
if eae des -1 0) — 
f= U2: f=1 
f'a=-A+2”, f'O)=-1 


f"@ =(-I(-2d + 9%, f' Oy=2) 


FPS CI gs FPO) Sra 


Then 
UA 0 wt ) 
f(@) =n +2) =fO)+f'Oz4 mn Ps mo Papi: 
: ae ae ee 
oe eae AO 
Another Method. If |z| < 1, 
1 
=1-z+7-24 
1+z 
Then integrating from 0 to z yields 
2 23 44 
Zn 9g 
Ind +z) = fee 
DES ged 
(b) The nth term is u, = (—1)""'z"/n. Using the ratio test, 
« |Un+1 : nz 
1 = = 
ear Un ou n+ | Iz| 
and the series converges for |z| < 1. The series can be shown to converge for |z| = 1 except for z= —1. 


This result also follows from the fact that the series converges in a circle that extends to the nearest 
singularity (i.e., z = —1) of f(z). 
(c) From the result in (a) we have, on replacing z by —z, 


fidyee ke Bie 


In(1 — z) = —z 
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both series convergent for |z| < 1. By subtraction, we have 


l+z 3 2 o° Qz2nt1 
1 =2%2t5+ot--J= 
(4) (: a5 ) dint 


which converges for |z| < 1. We can also show that this series converges for |z| = 1 except for z= +1. 


6.24. (a) Expand f(z) = sinz in a Taylor series about z = 77/4 
(b) Determine the region of convergence of this series. 


Solution 
(a) f(z) = sinz, f(z) = cosz, f"(2) = —sinz, f"(z) = —cosz, f(z) = sinz,... 


f(a/4) = V2/2, f'(r/4) = V2/2, f'a/4) = —V2/2, f"(ar/4) = —V2/2, FY (1/4) = V2/2,... 


Then, since a = 7/4, 


1 So Ne ” Aang 
PDX F OTP Oee Da Oe Oe 


2! 3! 
v2, v2 v2 2 . 
Sty Fog COA aa ye WY 5 ae 
V2f, @-a/4P  @-—a/4y | 
=D {1+¢ 7/4) 2! 31 of 


Another Method. Let u = z — 7/4 or z= u+ 77/4. Then, we have, 


sin z = sin(u + 7/4) = sin ucos(7/4) + cos u sin(7/4) 


2 
= 3 (sin u-+ COS U) 


a 2 - 3 
Lt @— ay —- EY _ = WA) el 


2! 3! 


(b) Since the singularity of sin z nearest to 7/4 is at infinity, the series converges for all finite values of z, i.e., 
|z| < oo. This can also be established by the ratio test. 


Laurent’s Theorem 


6.25. Prove Laurent’s theorem: Suppose f(z) is analytic inside and on the boundary of the ring-shaped 
region ® bounded by two concentric circles Cy and C2 with center at a and respective radii 7 
and rz (r, > r2) (see Fig. 6-5). Then for all z in R, 


foe} . foe} a-—n 
fO= Dd anle— a) 1 gas 
where 
fw) _ 
sig “rate ar™ att 4 pours 


An a TWh. pa a8, 
Daa (w— a) n+l 
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Solution 
By Cauchy’s integral formula [see Problem 5.23, page 159], we have 
C 


F=f SO av — FO ay a) 
277i J w—z 271 Jw—z 
Ci Cr 
2 


Consider the first integral in (1). As in Problem 6.22, equation (2), we have 


1 1 
w-z (w—a{l—-@—a/(w—a)} Fig. 65 
= 1 jig SO a ear fe peal 
“wa wea | (w— a)" 5 2) 
so that 
1 f{ fw) _ 1 f fo) _z-af fw) 
x pO av = pO tw 271 pe dw 
CQ CQ C 
— @-a! ff) 
fee sci a a dw +U, 
Ci 
=aoct az a) ee An—1(Z ay"! t Un (3) 
where 
a sop aw a =a fw) dw a =x Fw) dw 
Wi lwoao” | Om (w-aro 7 71 Oni J (w—a)" 
C1 Cc CQ 
and 


won fy 


Let us now consider the second integral in (1). We have on interchanging w and z in (2), 


1 1 
w-z (z—a{l—-(Ww—a)/(zZ—a} 
| jin WG 8 hei th (w—a)"! fi (=) 1 
~z—-a. (z—-ay J (z—a)" ae Sar 
so that 
ua EAU, 1 [f) 1 [ wa 
ee w= safe aes mmif ono fw) dw 
C G 
I 1 (w—a)"! ; 
f+ =a} jay f(w) dw T Vin 
C3 
—_ a_| a_2 i oeel a_n ; 
~z-a_ (z—ay ‘Gap (4) 
where 
: I n—-1 
a = a5 hf) dw, a_z = 55 f Oa Fora Lee dan =sa hwo f(w) dw 
27 27 mi 
ron C 2 
and 
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From (1), (3), and (4), we have 


f@ = {ay + ay(@— a) +++ + yi (@—a)""} 
(5) 
i a-1 n a2 Pee rl an n n 
T {2 T Gaia T T nts T Un T Vin 


The required result follows if we can show that (a) lim,_,o U, = 0 and (b) lim,_..0. V, = 0. The proof of (a) 
follows from Problem 6.22. To prove (b), we first note that since w is on C>, 


w-—a 
=Kk<l 


Z—a 


where « is a constant. Also, we have | f(w)| <M where M is a constant and 


IZ— wl = |@—a)— (w—a)| > |z—-al—1r 


Hence, from Property (e), page 112, we have 


- 1 K"M K"Mro 
~ 2a |z—al—1r2 


Then, lim,_... V, = 0 and the proof is complete. 


6.26. Find Laurent series about the indicated singularity for each of the following functions: 
ex 


(a) ——;; z=1. (c) 


@= 1) 2 


Z—sinz 1 
marae Bhi a 
(e) 2(z — 3)° 


N 
ll 
S 


= 3: 


5) 


&; 
(z+ 1(z+2)’ 


Name the singularity in each case and give the region of convergence of each series. 


(b) (-3)sin_ 5; ay Ta) ae 


+2 


Solution 


(a) Let z—1 =u. Then z=1-+u and 


ex e2t2u e 5 ee (2u)? (2u)? (2u)* 
B -e 1+2u-4 pass 
(z—1) uw us us 2! 3! 4! 
e 2e? 2e? de? De? ( 1) 
= z Pies 
@-1P @-1P z-1 3 3 
z= 11s a pole of order 3, or triple pole. 
The series converges for all values of z41. 
(b) Letz+2=uorz=u-—2. Then 
ae | cl 1 1 1 
(z si Geo 5)sin= = (u 5)! ant 58 +} 
1 5 Le ot De a uh 
i u3!u2' 3! Stud 
5 1 5 1 
z+2. 6(¢+2 | 6(z+2)  120(¢+2)4 
Z = —2 is an essential singularity. 


The series converges for all values of z# —2. 


z—sinz_ 1 aie eae 
2 e 2) Vos at 
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z= 0 is a removable singularity. 
The series converges for all values of z. 


(d) Let z+2 =u. Then 


Zz u—2 2-u 1 2-—u 2. 3 
= = : = (d+u+ue+uw 4 ) 
(z+1)(z+2) (u-—1)u u l-u u 
2 2 
=-+1]+utuv+--= t1+(z+2)+(2+2) 4 
. u+u an Z+2)+ (+2) 
Z = —2 is a pole of order 1, or simple pole. 


The series converges for all values of z such that 0 < |z+2| < 1. 


(e) Let z—3 =u. Then, by the binomial theorem, 


1 1 1 
22-3) wi3+uy 921+ u/3) 


= +2) + FG +) | 


ie ee ae ae 
=O 0 12) 04a 
1 2 1 4@-3), 


~9@—3) 27@—-3) | 27 243 


z= 31s a pole of order 2 or double pole. 
The series converges for all values of z such that 0 < |z — 3| <3. 


1 
6.27. Expand f(z) = ———————— in a Laurent series valid for: 
pee) (z+ 1I)(z+ 3) 


(ajl<lzh<3, Oil >3, @O<[ze+1) <2, @k<1. 


Solution 


(a) Resolving into partial fractions, 


1 ( 1 ) ( 1 ) 
(c+ 1(z+3) 2\c4+1) 2\c43 


If |z| > 1, 


1 1 1 ( 1 1 1 ) 1 1 1 1 
= = 1 T fe Se = t 
Act) 2c1+1/z) 2z z 2 2 2g. D825 cog 
If |z| < 3, 


lies ft od 1 ete ie ie is soa sae 
Az+3) 61+2/3) 6 3.9 27 ~6 18 54 162° 


Then, the required Laurent expansion valid for both |z| > 1 and |z| < 3, ie., 1 < |z| < 3, is 
(PRs GEASS: AVR ce cue 


24°23 22°22 6 18 54° 162 


(b) If |z| > 1, we have as in part (a), 
1 1 1 1 


Aztl) 22 222° 223 2A! 


If |z| > 3, 


Cp mmese Eg (1-2+3-3+-)-2-d+ eZ 
Az+3) 2e14+3/z) 2z 
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Then the required Laurent expansion valid for both |z| > 1 and |z| > 3, ie., |z| > 3, is by subtraction 


1 4,13 40, 


Lec 
a an Aer) 


(c) Let z+ 1 =u. Then 


1 = 1 = 1 1 (1 u ww ) 
(+ D+3) uw+2) 21 +u/2) 2u ae a eae 
=. 1 1 1 n i | 24 ae 
~ 34) 4 T gi T 1) 16% T 1) T 


valid for |u| < 2, u40 or 0 < [z+ 1] < 2. 
(d) If |z| <1, 


1 1 1 Sas, al 
= = 1 a ee ae area YE } _ 72 Spe 
a) Wey 20 Pee a ae sae an 


If |z| < 3, we have by part (a), 


| GY Gane Cae, ca 


Az+3) 6 18 54 162° 


Then the required Laurent expansion, valid for both |z| < 1 and |z| < 3, ie 


. [Z| < 1, 1s by subtraction 
1 4 13, 40, 


CRC aia eee) a 


This is a Taylor series. 


Lagrange’s Expansion 
6.28. Prove Lagrange’s expansion (6.11) on page 176. 


Solution 


Let us assume that C is taken so that there is only one simple zero of z= a+ ¢¢(z) inside C. Then, from 
Problem 5.90, page 167, with g(z) = z and f(z) = z—a— ¢(z), we have 


ae 1 f wf 1 — f¢'(w) | aw 
Oa w—a— Lh(w) 
Cc 


1 w , 1 
=a fu = coon amiwca} 
C 


1 w 00 : ; 
=saho £f'(w)} [eso a | 
C 
1 Ww oO ri wo" (w) om "lay d'w) 
=sabored w+) a He —ayt! Ga" | aw 
c Cc 


— o" [wd { ow) Co ¢'(w) 
= Va Paleo pereet i f 
Cc 


— 27min J (w—a)" 
= Cc 


n ie 
oF <1¢'a] 


ll 

g 

+ 
it 


Analytic Continuation 


6.29. Show that the series (a) Lona 5 mai & and (b) >° ro = = FT are analytic continuations of each other. 
n=0 
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Solution 


(a) By the ratio test, the series converges for |z| < 2 (shaded in Fig. 6-6). In this circle, the series, which is a 
geometric series with first term 5 and ratio z/2 can be summed and represents the function 


1/2 1 


ae ae 


(b) By the ratio test, the series converges for 
\(z-i/(2—d| <1, ie., |z— i] < V5 (see Fig. 6-6). In 
this circle, the series, which is a geometric series with 
first term 1/(2—i) and ratio (z—i)/(2— i), can be 
summed and represents the function 


Iz-il= V5 


x 
1/(2 — i) ot 
l—@=D/2-) 2=z% Idl=2 
Since the power series represent, the same function in 
the regions common to the interiors of the circles |z| = 2 Fig. 6-6 
and |z — i| = V5, it follows that they are analytic continu- 
ations of each other. 
6.30. Prove that the series 1+z+2+274+24---=1+ 0%) 2” cannot be continued analytically 
beyond |z| = 1. 
Solution 
Let F@) =14+z+2+24+2+---. Then, 


Fg =z+F2), FQ=2+24+F(), FO=2+ 2474+ F(3)4--: 


From these, it is clear that the values of z given by z= 1, 2 = 1, 24 = 1, 22 = 1,... are all singularities of 
F(z). These singularities all lie on the circle |z| = 1. Given any small arc of this circle, there will be infinitely 
many such singularities. These represent an impassable barrier and analytic continuation beyond |z| = 1 is 
therefore impossible. The circle |z| = 1 constitutes a natural boundary. 


Miscellaneous Problems 


6.31. Let {f.(2}, k = 1, 2, 3,... be a sequence of functions analytic in a region ?. Suppose that 


F@ => A@ 
k=1 


is uniformly convergent in 7%. Prove that F(z) is analytic in ?. 


Solution 


Let S,(z) = >-y_, f(z). By definition of uniform convergence, given any € > 0, we can find a positive integer 
N depending on € and not on z such that for all z in R, 
IF(2a-Si(2l<e foralln>N (1) 


Now suppose that C is any simple closed curve lying entirely in R and denote its length by L. Then, by 
Problem 6.16, since f,(z), k = 1, 2, 3,... are continuous, F(z) is also continuous so that $e F(z) dz exists. 
Also, using (1), we see that for n > N, 


| FQ@)dz— )° hte dz| = Pre) — Sn(z)} dz 
Cc 


Cc Rola 


6.32. 


6.33. 
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Because € can be made as small as we please, we can see that 


(oe) 


pro dz = > fie dz 


ra kalo 


But, by Cauchy’s theorem, $e (2) dz = 0. Hence 


} Fide =0 


Cc 


and so by Morera’s theorem (page 145, Chapter 5), F(z) must be analytic. 


Prove that an analytic function cannot be bounded in the neighborhood of an isolated singularity. 


Solution 
Let f(z) be analytic inside and on a circle C of radius r, except at the isolated singularity z = a taken to be the 
center of C. Then, by Laurent’s theorem, f(z) has a Laurent expansion 


foe) 


fO= Yo az—a) (1) 


k=—00 


where the coefficients a, are given by equation (6.7), page 174. In particular, 


an a¢ Ac es a ee (2) 


=. Omi (z = a) tt! 


Now, if | f(2| < M for a constant M, i.e., if f(z) is bounded, then from (2), 


1 n—1 1 -l n 
ja_n| =~|9 @— a)" f(2dz| <r" -M-2ar=Mr 
27 27 
Cc 
Hence, since r can be made arbitrarily small, we have a_, = 0, n= 1, 2, 3,..., 1e., d-) =a_2 = a_3 = 
---=0, and the Laurent series reduces to a Taylor series about z= a. This shows that f(z) is analytic at 
z= a so that z= a is not a singularity, contrary to hypothesis. This contradiction shows that f(z) cannot be 
bounded in the neighborhood of an isolated singularity. 


Prove that if z 4 0, then 


el/2a-I/z) — bs In(a)z" 


where 
1 27 
J,(a) = — | cos(nO— asin#)d@ n=O, 1, 2,... 
27 
0 
Solution 


The point z = 0 is the only finite singularity of the function e!/2°¢—'/® and it follows that the function must 
have a Laurent series expansion of the form 


el/2ae-1/2) a J (az" re 


n=—0o 


which holds for |z| > 0. By equation (6.7), page 174, the coefficients J,(q@) are given by 


Ina) = 5 aa (2) 


1 e!/2az-1/2) 
Ti | 
Cc 


where C is any simple closed curve having z = 0 inside. 
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Let us, in particular, choose C to be a circle of radius 1 having center at the origin; that is, the equation of C 
is |z| = 1 or z= e'®. Then (2) becomes 


I 2a 1/2a(ei?—e-i®) 1 aa 
= re ee ia sin 0—in0 
Ia) = => | ale ao= |e dé 
0 0 
1 20 . Qa 1 2a 
=— cos(a sin 6 — n6)d6+— sin(a@ sin 9 — n@)d@ = — | cos(né — asin 0) dé 
27 27 20 


0 0 0 


using the fact that J = f ” sin(asin @ — n6)d60 = 0. This last result follows since, on letting 6 = 27 - ¢, 
we find 


27 27 


l= | sin asin @ — 27 +nd)dd= | sincasin 6 — nda = =1 


0 0 


so that J = —/ and I = 0. The required result is thus established. 
The function J,,(q@) is called a Bessel function of the first kind of order n. 
For further discussion of Bessel functions, see Chapter 10. 


6.34. The Legendre polynomials P,,(t), n = 0, 1, 2, 3,... are defined by Rodrigues’ formula 


qd” 
P,(t) = (Pay 
@ 2"n! a ) 
(a) Prove that if C is any simple closed curve enclosing the point z = ¢, then 


1 1-1) 
Ti Qn (z = fyrt 
Cc 


PAO=5 x 


This is called Schlaefli’s representation for P,,(t), or Schlaefli’s formula. 


(b) Prove that 


Qa 
1 
P,(t) = ee | (t+ Vf —1cos 6)" dé 
T 
0 


Solution 


(a) By Cauchy’s integral formulas, if C encloses point ¢, 


¥ 
d" n! S@ 
M(t) = t= d c 
SO = FO ii? Goa 2 
Then, taking f(t) = (t? — 1)” so that f(z) = (2? — 1)", we have 
the required result 
d" 
P,(t) = —(r—1)" 
@ 2"n! a ) x 
ae ee f (2 — 1)" Fig. 6-7 
= Qn Dari (z = pitt 


Cc 
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(b) Choose C as a circle with center at t and radius ,/|t2 — 1| as shown in Fig. 6-7. Then, an equation for C is 
lz—t) = J/|2 —llorz=t+V? — le!®, 0 < 6 < 27. Using this in part (a), we have 
20 F 3 
1. 1 " (t+ VP — le? — 1)"V/P? — lie’? 
2” Qa (V2 — feist! 
0 


P,(t) = dé 


TF — 1) +22 Te +? — 1ey"e-ind 
(2 at 1)"/? 


dé 


dé 
(? = 1y"/? 


{2tJ/t? ue 2(t? — 1) cos 6}" 


— 1)? 


1 ses Ie + a/? — 1+ (P — Dei" 
ra do 
0 


27 


1 
ih irhian 
7 


i=) 


For further discussion of Legendre polynomials, see Chapter 10. 


SUPPLEMENTARY PROBLEMS 


Sequences and Series of Functions 


6.35. 


6.36. 


6.37. 


6.38. 


6.39. 


6.40. 


6.41. 


6.42. 


6.43. 


6.44. 


6.45. 


3n — 
Using the definition, prove: (a) lim = = 3, (b) lim = 0. 


n>o n+zZ now NY 


NZ 
2 + 2 
Let limy oo Un(z) = U(z) and limy oo Un(z) = V(z). Prove that (a) lim, —co{un(z) + vn(z)} = UZ) + VO), 
(b) lim, co {Un (Z)Un(Z)} = UZV(Z),  (€) lity +00 Un(Z)/Un(Z) = UZ)/V(@) if Vz) £0. 


n—1 


1 foe} 
(a) Prove that the series = + rie ae oe is a converges for |z| < 2 and (b) find its sum. 
n=1 


2 7 23 
(a) Determine the set of values of z for which the series paar (—1)"(z" + z"*') converges and (b) find its sum. 
(a) For what values of z does the series pir, 1/ (2 +1)" converge and (b) what is its sum? 
Suppose lim). 0 |Un(z)| = 0. Prove that lim), oo U,(z) = 0. Is the converse true? Justify your answer. 
Prove that for all finite z, limy.. z’/n! = 0. 


Let {a,}, 2 = 1, 2, 3,... be a sequence of positive numbers having zero as a limit. Suppose that |u,(z)| < a, for 
n= 1, 2, 3,.... Prove that limy_. 0 Up(z) = 0 


Prove that the convergence or divergence of a series is not affected by adding (or removing) a finite number of 
terms. 


Let S, = z+22 432 4+---+n2", Tr =z+ 242 4-+-4+2". (a) Show that S, =(T, —nz"t!)/(1 — 2). (b) Use 


(a) to find the sum of the series )~°”_, nz” and determine the set of values for which the series converges. 


Find the sum of the series )~*”_y (n+ 1)/2”. 
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Absolute and Uniform Convergence 


6.46. (a) Prove that u,(z) = 3z+ 42?/n, n= 1, 2, 3,..., converges uniformly to 3z for all z inside or on the circle |z| = 1. 
(b) Can the circle of part (a) be enlarged? Explain. 


6.47. (a) Determine whether the sequence u,(z) = nz/(n? + 2) [Problem 6.35(b)] converges uniformly to zero for all z 
inside |z| = 3. (b) Does the result of (a) hold for all finite values of z? 


6.48. Prove that the series 1 + az + a*z? +--+ converges uniformly to 1/(1 — az) inside or on the circle |z| = R where 
R<1/|al. 


6.49. Investigate the (a) absolute and (b) uniform convergence of the series 


z 23-2) 23—-z2% 23-2 
fo ae ge 


6.50. Investigate the (a) absolute and (b) uniform convergence of the series in Problem 6.38. 
6.51. Investigate the (a) absolute and (b) uniform convergence of the series in Problem 6.39. 


6.52. Let {a,} be a sequence of positive constants having limit zero; and suppose that for all z in a region 
R, |Un(Z)| < an, n = 1, 2, 3,.... Prove that lim, oo u,(z) = 0 uniformly in ?. 


6.53. (a) Prove that the sequence u,,(z) = nze” converges to zero for all finite z such that Re{z?} > 0, and represent this 
region geometrically. (b) Discuss the uniform convergence of the sequence in (a). 


6.54. Suppose }°*”_, a, and )~°_, b, converge absolutely. Prove that °°, Cn, where Cy = doby + ayby—1 ++ +++ aybo, 
converges absolutely. 


6.55. Suppose each of two series is absolutely and uniformly convergent in R. Prove that their product is absolutely and 
uniformly convergent in ?. 


Special Convergence Tests 


6.56. Test for convergence: 


= 1 “On ° n+3 “\ (-1)" = 2n—-1 
——., (b ——_ ———_, dd ——_ a 
@ Do rat’ ©) Do aT OD eae CD Brora O25 a 


n 


6.57. Investigate the convergence of: 


00 1 00 (-1)" foo) iT foo) 1 
(a) eae: (b) rear (c) rr (d) Eres, 


od nerti/4 
6.58. Investigate the convergence of Ray" 
en 
n=0 


6.59. Find the region of convergence of: 


(z+ i)" “1 fzt1\" o(-1)"2" 
Oeste © Yw(S4) : OD no 


et 1] Ni, _ j\n 
6.60. Investigate the region of absolute convergence of 2 aes 
n=1 nH : 


e2 Tinz 


6.61. Find the region of convergence of pee PREP 
nao (N+ 1) 


6.62. Prove that the series )°”_, (/n + 1 — ./n) diverges although the nth term approaches zero. 


6.63. Let N be a positive integer and suppose that for all n > N, |u,| > 1/(n Inn). Prove that )~°_, u, diverges. 


6.64. Establish the validity of the (a) nth root test [Theorem 6.12], (b) integral test [Theorem 6.13], on page 141. 
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6.65. Find the interval of convergence of 1 +2z+ 2 4+22 4+ 7244225 4.---. 


6.66. Prove Raabe’s test (Theorem 6.14) on page 172. 


1 1 1 1 1-4 1-4-7 
6.67. Test for convergence: (a + + +.5-, (b) =+ + see, 
ep (@) m2 3In?3 41n?4 0) 5 5-8 5-8-1 
(ee a SET (d) nz 
5 5-10 5-10-15 , 2 3 4 


Theorems on Uniform Convergence and Power Series 


6.68. Determine the regions in which each of the following series is uniformly convergent: 


foe) 


zt a. — i" = 1 vat1 
@ aT ops me ©) Gre’ OD Deecrart 


n=1 


6.69. Prove Theorem 6.20, page 172. 
6.70. State and prove theorems for sequences analogous to Theorems 6.18, 6.19, and 6.20, page 172, for series. 


6.71. (a) By differentiating both sides of the identity 


Lo 2,3 
fae tee a ie a lz) <1 


find the sum of the series }°*_, nz” for |z| < 1. Justify all steps. 


(b) Find the sum of the series )7_, nz” for |z| < 1. 


6.72. Let z be real and such that 0 < z < 1, and let u,(z) = nzew™® 
1 1 


(a) Find lim Exe dz, (b) Find | { lim un(2) dz 
0 0 
(c) Explain why the answers to (a) and (b) are not equal [see Problem 6.53]. 


6.73. Prove Abel’s theorem [Theorem 6.24, page 173]. 


6.74. (a) Prove that 1/1 +2)=1—2+2—2+.--- for |z| < 1. 


(b) If we choose that branch of f(z) = tan7! z such that (0) = 0, use (a) to prove that 


= dz Gee zh 
tan z= 
0 


7 1 1 1 
(c) Prove that = 1 ae aa ae : 
6.75. Prove Theorem 6.25, page 173. 
6.76. (a) Determine Y(z) = )-” a,z" such that for all z in |z| < 1, Y'(z) = Y(z), Y(O) = 1. State all theorems used and 
verify that the result obtained is a solution. 
(b) Is the result obtained in (a) valid outside of |z| < 1? Justify your answer. 
(c) Show that Y(z) = e satisfies the differential equation and conditions in (a). 


(d) Can we identify the series in (a) with e*? Explain. 


6.77. (a) Use series methods on the differential equation Y”(z) + Y(z) = 0, Y(0) = 0, Y’(0) = 1 to obtain the series 
expansion 


(b) How could you obtain a corresponding series for cos z? 
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Taylor’s Theorem 


6.78. Expand each of the following functions in a Taylor series about the indicated point and determine the region of 
convergence in each case. 
(a) e*5z=0 (c) 1/d+z2;z=1 (e) ze*;z=-1 
(b) cosz;3z=a/2 (d) 2-32 +42-2;7=2 


6.79. Suppose each of the following functions were expanded into a Taylor series about the indicated points. What would 
be the region of convergence? Do not perform the expansion. 


(a) sinz/(z’+4);z=0, (6) @+3)/@-DE-43z2=2, (©) &/ez—1);z=4i,  (g) secmz; z= 1 
(b) z/(e* + 1); z=0, (d) e~* sinh(z + 2); z= 0, (f) zcoth2z; z= 0, 


6.80. Verify the expansions 1, 2, 3 for e%, sinz, and cos z on page 173. 


5g B. glo gid 
6.81. Show that sin z~ = z —a tap rapt |z| <0, 
Gop gl 
6.82. Prove that tan~'z=z—2 42-2 +---, [gl<l. 
a: ae 
2 223 
6.83. Show that: (a) tanz = e+ataq5+ teey \z| < 7/2, 
(b) sec jebe eons Id] < 7/2,  (€) ese My a 0<Id< 
fig gS Rude a/2, SAE song mn 
21 24 ‘ 26 360 : 


6.84. By replacing z by iz in the expansion of Problem 6.82, obtain the result in Problem 6.23(c) on page 185. 
6.85. How would you obtain series for (a) tanh z, (b) sech z, (c) csch z from the series in Problem 6.83? 


6.86. Prove the uniqueness of the Taylor series expansion of f(z) about z = a. 


[Hint. Assume f(z) = )~>-9 Cn(z — a)" = 9 dn(z — a)" and show that c, = d,, n = 0, 1, 2, 3,....] 
6.87. Prove the binomial Theorem 6.6 on page 174. 


6.88. Suppose we choose that branch of 1 + z> having the value 1 for z = 0. Show that 


Doess Iz| <1 


6.89. (a) Choosing that branch of sin7! z having the value zero for z = 0, show that 


a 13 1-32 1-3-5 27 


= Sas < 
Ree haa tg 5 a ag ge ast 


sin 


(b) Prove that the result in (a) is valid for z = i. 


6.90. (a) Expand f(z) = In(3 — iz) in powers of z — 2i, choosing that branch of the logarithm for which f(0) = In3, and 
(b) determine the region of convergence. 


Laurent’s Theorem 
6.91. Expand f(z) = 1/(z — 3) in a Laurent series valid for (a) |z| < 3, (b) |z| > 3. 


6.92. Expand f(z) = in a Laurent series valid for: 


Pee ee 
(z—1)2—2z) 
(a) |z)}< 1, (b) 1< |z) <2, (c) [zl >2, (dd |lz-1]>1, () O0<[z-2| <1. 
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6.93. Expand f(z) = 1/z(z — 2) in a Laurent series valid for (a) 0 < |z| <2, (b) |z| > 2. 

6.94, Find an expansion of f(z) = z/(z? + 1) valid for |z — 3| > 2. 

6.95. Expand f(z) = 1/(z-— 2)° in a Laurent series valid for (a) |z| <2, (b) |z| > 2. 

6.96. Expand each of the following functions in a Laurent series about z = 0, naming the type of singularity in each case. 
(a) (1—cosz)/z, (b) e/z3, (©) ctcoshz!, (d) Ze“ 


6.97. Suppose tan z is expanded into a Laurent series about z = 7/2. Show that: (a) the principal part is —1/(z — 77/2), 
(b) the series converges for 0 < |z— 7/2| < 7/2, (c) z= 7/2 is a simple pole. 


6.98. Determine and classify all the singularities of the functions: 
(a) 1/@sinz—1P, (0) z/(e’*-1), (©) cos’ +z), (d) tan (2? +2z2+2), © z(e?- 1). 


6.99. (a) Expand f(z) = e*/”) in a Laurent series about z = 2 and (b) determine the region of convergence of this series. 
(c) Classify the singularities of f(z). 


6.100. Establish the result (6.7), page 174, for the coefficients in a Laurent series. 
6.101. Prove that the only singularities of a rational function are poles. 


6.102. Prove the converse of Problem 6.101, i-e., if the only singularities of a function are poles, the function must be 
rational. 


Lagrange’s Expansion 
6.103. Show that the root of the equation z = 1 + ¢z?, which is equal to 1 when ¢ = 0, is given by 


(3p)3p — 1) (4p)(4p — 1)(4p — 2) 
3! 4! 


2 
gle les ee ee 


6.104. Calculate the root in Problem 6.103 if p = 1/2 and ¢ = 1, (a) by series and (b) exactly. Compare the two answers. 


6.105. By considering the equation z = a+ 5(2 — 1), show that 
1 ge a qd ° 
ee 2" (@_1y" 
Ji = tare? i ar dan © ~) 


6.106. Show how Lagrange’s expansion can be used to solve Kepler’s problem of determining the root of z= a+ ¢sinz 
for which z = a when ¢ = 0. 


6.107. Prove the Lagrange expansion (6.11) on page 176. 


Analytic Continuation 


6.108. (a) Prove that 


l 00 oa i n 
FE = 
aM) mh) 
is an analytic continuation of F\(z) = )-*9 z", showing graphically the regions of convergence of the series. 


(b) Determine the function represented by all analytic continuations of F;(z). 
co n+l 


6.109. Let Fie) = D> 
n=0 


(a) Find an analytic continuation of F(z), which converges for z = 3 — 4i. 


(b) Determine the value of the analytic continuation in (a) for z = 3 — 4i. 


6.110. Prove that the series z!! + 2?! + z3!+.--- has the natural boundary |z| = 1. 
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Miscellaneous Problems 


6.111. (a) Prove that )°”_, 1/n? diverges if the constant p < 1. 
(b) Prove that if p is complex, the series in (a) converges if Re{p} > 1. 
(c) Investigate the convergence or divergence of the series in (a) if Re{p} < 1. 


6.112. Test for convergence or divergence: 


(a) ye (c) Yo nsin “(1 /n’) (e) >= coth™! a 
t n=l n=1 
n+sin?n “. ji" im 8a 
d f n 
(b) eee Op Brrr ) Done 
6.113. Euler presented the following argument to show that )-,, z? = 0: 
oe re ey, Gy. ele Ply 
4 eee ee gn ge 7 


Then adding, )-”,, z’ = 0. Explain the fallacy. 


(-l? (z-18) «1 


6.114. Show that f -lj/<1, znz= 1 
Show that for |z | zinz=(Z y+ 12 7.3 3.4 


6.115. Expand sin® z in a Maclaurin series. 


z ze rad 


+ + + 
142 d4+2yP (4+2) 
(a) Show that the sum of the first n terms is S,(z)=14+2—1/d4+2y"1. 


6.116. Given the series 72 + 


(b) Show that the sum of the series is 1+ 2° for z#0, and 0 for z= 0; and hence that z= 0 is a point of 
discontinuity. 


(c) Show that the series is not uniformly convergent in the region |z| < 6 where 6 > 0. 


6.117. If F(z) = eee find a Laurent series of F(z) about z = 1 convergent for 4 <|z-1) <1. 
(2z — 1)(z — 2) 


6.118. Let G(z) = (tan! z)/z4. (a) Expand G(z) in a Laurent series. (b) Determine the region of convergence of the series 
in (a). (c) Evaluate $e G(z) dz where C is a square with vertices at 2 + 21, —2 + 2i. 


6.119. Consider each of the functions ze!/ * | (sin? z)/z, 1/z(4 — z) which have singularities at z = 0: 
(a) give a Laurent expansion about z = 0 and determine the region of convergence; 
(b) state in each case whether z = 0 is a removable singularity, essential singularity or a pole; 
(c) evaluate the integral of the function about the circle |z| = 2. 


6.120. (a) Investigate the convergence of SS “Tn (b) Does your answer to (a) contradict Problem 6.8. 
n 


n=1 
6.121. (a) Show that the following series, where z=x-+ iy, converges absolutely in the region bounded by 
sin? x + sinh? y = 1: 
sin z sin?z  sin?z 
P+il 241 3741 


(b) Graph the region of (a). 


6.122. If |z| > 0, prove that cosh(z+ 1/z) = co tev(z t+ 1/2 + eo(e + 1/27) +--+ where 
Qa 


= = | cosnd@cosh(2 cos ¢) dd 
Qa 


0 


6.123. 


6.124. 


6.125. 


6.126. 


6.127. 


6.128. 


6.129. 


6.130. 


6.131. 


6.132. 


6.133. 


6.134. 
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If f(z) has simple zeros at 1 — i and 1 + i, double poles at —1 + i and —1 — i, but no other finite singularities, prove 
that the function must be given by 


2 —2z4+2 


10 “tat 


where « is an arbitrary constant. 


2n/2 sin(n7/4) 
ni 


Prove that for all z, e* sinz = 


n=1 


Show that In 2 = 1 — 5 + ; a 4 +.---, justifying all steps. [Hint. Use Problem 6.23.] 


00 


: ; : z 
Investigate the uniform convergence of the series » il 


+ (n= IzI[1 + nz] 


[Hin Resolve the nth term into partial fractions and show that the nth partial sum is S,(z) = 1 — (1/1 + nz).| 


Given | — 3 + ; - ; +--+ converges to S. Prove that the rearranged series 


if 1 aud tS died ths 2 
32574 9 TD 


Explain. 


[Hint. Take } of the first series and write it as 0 + 5 + 0—4+ 0 + 4+---; then add term by term to the first 
series. Note that S = In 2, as shown in Problem 6.125.] 


Prove that the hypergeometric series 


a-b_ alat+Vbb+1) 5 , aat IatDbb+VOG+2 4 


1 
Pee ance 1-2-3-cle+Ic+2) 


(a) converges absolutely if |z| < 1, 

(b) diverges for |z| > 1, 

(c) converges absolutely for z = 1 if Refa+b-—c} <0, 

(d) satisfies the differential equation z(1 — z)Y” + {c — (a+ b+ I)z}Y’ — abY =0. 


Prove that for |z| < 1, 


Prove that °°, 1/n't! diverges. 


1 1 1 1 
how that ---=2In2-1. 
SA ead os : 
1 2 
Locate and name all the singularities of é is 78 in : ) 
( — 1)°Gz+ 2) 23 
By using only properties of infinite series, prove that 


ec @& 2 3 2 
(a) fite+5 tote Sie +o+- | = {1+ ena ar te 7 


2 ata : = a _a : 
Suppose f(z) = yee, a,z" converges for |z| < R and 0 <r < R. Prove that 


Qa 


1 i) |2 = - 2,2n 
a | Mire ad = Slur 


Co 


CHAPTER 6 [Infinite Series Taylor’s and Laurent’s Series 


6.135. Use Problem 6.134 to prove Cauchy’s inequality (page 145), namely 


M-n! 


If?) < HEU Disc, 


6.136. Suppose a function has six zeros of order 4, and four poles of orders 3, 4, 7, and 8, but no other singularities in the 
finite plane. Prove that it has a pole of order 2 at z = ov. 


6.137. State whether each of the following functions are entire, meromorphic or neither: 


(a) 2e-%, (c)(1—cosz)/z, — (@) zsin(1/z), —(g) sin/z/ V2 
(b) cot 2z, (d) cosh z”, (f) z+ 1/z, (h) Jsinz 
6.138. Let —7 < 6 < 7. Prove that In(2 cos 6/2) = cos 0 — 5008204 500s 30- 1cos40-+ tee 


6.139. (a) Expand 1/In(1 + z) in a Laurent series about z = 0 and (b) determine the region of convergence. 


6.140. Let S(z) = ay + ajz+ a2? +--+ . Giving restrictions if any, prove that 


S 
BO ay + (ay Hane + (a +a +2 + 


6.141. Show that the following series (a) is not absolutely convergent but (b) is uniformly convergent for all values of z. 


1 1 c 1 1 Ss 
14+ |z} 2+ |z) 34+ |z| 44+{2| 


6.142. Prove that }~°”_, z’/n converges at all points of |z| < 1 except z= 1. 


6.143. Prove that the solution of z = a+ Ge’, which has the value a when ¢ = 0, is given by 


& ni lenagn 
Z=a+ 0° 
n! 
n=1 


if |) < Je“. 


2 
6.144. Find the sum of the series 1 + cos 9+ con + os 


6.145. Let F(z) be analytic in the finite plane and suppose that F(z) has period 27, i.e., F(z + 277) = F(z). Prove that 


Qa 


oo 1 - 
F2= S a,e™ where a, = | F(z)je""™ dz 
0 


n=—0o 
The series is called the Fourier series for F(z). 
6.146. Prove that the following series is equal to 77/4 if 0 < @< a, and to —7/4 if -7w< 0<0: 
sin 6+ zsin30+ esin50+ ei 
an 


6.147. Prove that |z| = | is a natural boundary for the series }>7_y 2-"z 


6.148. Suppose f(z) is analytic and not identically zero in the region 0 < |z — zo| < R, and suppose lim,_,,, f(z) = 0. 
Prove that there exists a positive integer n such that f(z) = (z — zo)" g(z) where g(z) is analytic at z and different 


from zero. 
6.149. Suppose f(z) is analytic in a deleted neighborhood of zp and lim,_,., | f(z)| = 0%. Prove that z = zp is a pole of f(z). 


6.150. Explain why Problem 6.149 does not hold for f(x) = e!/ ” where x is real. 


6.151. 


6.152. 


6.153. 


6.154. 


6.155. 


6.156. 


6.157. 


6.158. 


6.159. 


6.160. 


6.161. 


6.162. 


6.163. 
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(a) Show that the function f(z) = e!/? can assume any value except zero. 
(b) Discuss the relationship of the result of (a) to the Casorati—Weierstrass theorem and Picard’s theorem. 


(a) Determine whether the function g(z) = z* — 3z + 2 can assume any complex value. 
(b) Is there any relationship of the result in (a) to the theorems of Casorati— Weierstrass and Picard? Explain. 


Prove the Casorati—Weierstrass theorem stated on page 175. [Hint. Use the fact that if z= a is an essential 
singularity of f(z), then it is also an essential singularity of 1/{ f(z) — A}.] 


(a) Prove that along any ray through z = 0, |z + e*| > o. 

(b) Does the result in (a) contradict the Casorati— Weierstrass theorem? 

(a) Prove that an entire function f(z) can assume any value whatsoever, with perhaps one exception. 
(b) Illustrate the result of (a) by considering f(z) = e* and stating the exception in this case. 

(c) What is the relationship of the result to the Casorati— Weierstrass and Picard theorems? 


Prove that every entire function has a singularity at infinity. What type of singularity must this be? Justify your 


answer. 
Ing 1 1 1 
Prove that: (a) m a =Z (1 + 5\e + (1 + 543)? +++, |zb<1 
ganar op (ng) ne a) Iz] <1 
ee 2) 3 a 3) 4 Pa oe 
Find the sum of the following series if |a| < 1: 
(a) 0", na" sinné, (b) 7°, n’a" sinnd 
; a ee os 
sinZ Pn ena ee ott AI es <0, 
Show that e l+2+5 § ist » |z| <0 


(a) Show that an z"/n® converges for |z| < 1. 


(b) Show that the function F(z), defined as the collection of all possible analytic continuations of the series in (a), 
has a singular point at z = 1. 


(c) Reconcile the results of (a) and (b). 


Let )-”_, anz" converge inside a circle of convergence of radius R. There is a theorem which states that the function 
F(z) defined by the collection of all possible continuations of this series, has at least one singular point on the circle 
of convergence. (a) Illustrate the theorem by several examples. (b) Can you prove the theorem? 


Show that 
R-P> _uU@dd e 
—r ao r\" . 
= = n bn 
MT Soe lz =WRoos(O— b+ 2~ ~() a 

where 

1 Q7 1 Q7 

an -=| U(¢)cosnddd, by, -=| U(¢) sinnddd 
7 7 
0 0 

Let 


Zz Boz? B32 
—-14+B sila it esti has Oe 
Bag Oe lege ae 
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6.164. 


6.165. 


(a) Show that the numbers B,, called the Bernoulli numbers, satisfy the recursion formula (B + 1)" = B” where B* is 
formally replaced by B, after expanding. (b) Using (a) or otherwise, determine B,,..., Bo. 


(a) Prove that é = 5 (coths 1). 
e—1 2 2 


(b) Use Problem 6.163 and part (a) to show that Bus; =O if k = 1, 2, 3,.... 


Derive the series expansions: 


(a) cohz= 142-2 oa Baie)” oe z<q 
(b) cote = = : ee py Pal” 4, a<q7 
(c) tanz= +5 ae egeqye 222" — a ap 
(d) csez = ~+e+ ce 2 (-1! i oO -, [el<a 


(Hint. For (a), use Problem 6.164; for (b) replace z by iz in (a); for (c) use tan z = cot z — 2 cot 2z; for (d) use 
csc Zz = cotz + tan z/2.] 


ANSWERS TO SUPPLEMENTARY PROBLEMS 


6.37. 
6.38. 
6.44. 
6.49. 


6.50. 
6.51. 
6.53. 
6.56. 
6.57. 


6.58. 
6.59. 
6.60. 
6.68. 
6.71. 
6.72. 
6.79. 


6.90. 


6.91. 


(a) S,(z) = {1 — (z/2)"}/(2 — z) and limy-s 00 S,(z) exists if |z| < 2, (b) S(z) = 1/(2 — z) 
(a) Iz] <1, @) 1 6.39. (a) All z such that |z* + 1| > 1, (b) 1/2 
(b) z/( — 2), |z| <1 6.45. 4 


(a) Converges absolutely if |z— 3| <3 or z= 0. (b) Converges uniformly for |z— 3| < R where 0 < R <3; 
does not converge uniformly in any neighborhood that includes z = 0. 


(a) Converges absolutely if |z| < 1. (b) Converges uniformly if |z| < R where R < 1. 

(a) Converges absolutely if |z? + 1| > 1. (b) Converges uniformly if |z? + 1| > R where R > 1. 

(b) Not uniformly convergent in any region that includes z = 0. 

(a) conv., (b) conv., (c) div., (d) conv., (e) div. 

(a) Diverges for all finite z. (b) Converges for all z. (c) Converges for all z. 

(d) Converges for all z except z = —n’?,n=1, 2, 3,.... 

Conv. 6.61. Converges if Imz > 0. 

(a) Iz+i <1, (©) I@+1)/@— DI s 3, ©) lz] < © 6.65. |z| <1. 

Conv. Abs. for |z— i] < 4. 6.67. (a) conv., (b) conv., (c) div., (d) div. 
(a) |z| < R where R < 3, (b) |z — i| < 1, (c) |z| => R where R > 1, (d) all z. 


(a) z/(1 — z)* [compare Problem 6.44], (b) z(1 + z)/(1 — 2° 


2 3 
(a) 1/2, (b) 0 6.76. (a) Y@=ltz2+5+5t+... 


(a) Iz] < 2, (b) Iz] < a, ©) |z- 2] < 1, @) [zl < ©, © |z—4i] < 4, ® |z| < 77/2, (g) z- I < 1/2 


i(z — 2i) is (z-2i i(z—2i (z—2i)* 
5 2.52 3-53 4.54 
1 1 Wage Cli 


ee. (b)z! —2 3 97774 es 
(a) 3 9% 7° ai¢ (b) 7 +37-° +927" +272 "74+ 


(a) In5 (b) |z — 2i| <5 
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6.92. ee Hhsaeccih eVect 1 bj les 9 2 
(@) —52—- Gz — ge —7¢2 Wave eet eke hae 
ly: BG 13 “si 2 2 
(c) 22 3p 4A (d) —(z—1) 2(z — 1) 2z—1) 


(e) 1—2(z¢—-2) !-@-2)4+ — 27 — (<- 2 + (c-2)* - 


3 5 zl0 14 
6.96. (a) 5 = a ae A ; removable singularity (d) z? — 2° ae a a +--+; ordinary point 
1 1 Per ae zi/2 - 
Drs at Pau 7 ay es 3 wie A ari 51 +--+; pole of order 3 (e) le 4 S oF 8 Sr +3 —+---; branch point 
(c) : : + : tial singularit 
c) -—~~+-—~~— -::; essential singulari 
z QBN Aled 8 y 
6.98. (a) 7/6+ 2mm, (2m+ 1)7— 7/6, m=0, +1, +2, ...; poles of order 2 
(b) i/2mm, m= +1, +2, ...; simple poles, z = 0; essential singularity, z = 00; pole of order 2 
(c) z= 0, ©; essential singularities 
(d) z= —1 +3; branch points 
(e) z= 2ma7i, m= +1, +2,...; simple poles, z = 0; removable singularity, z = 00; essential singularity 
92 _—2 —2 23 _2 3 
6.99. (a) ef +26 a4 ce an c ) +] 
(b) |z—2| > 0 
(c) z= 2; essential singularity, z = 0; removable singularity 
6.104. 2.62 to two decimal accuracy. 6.109. (b) —3 — (9/4)i 
6.108. (b) 1/1 —z) 6.112. (a) div., (b) conv., (c)conv., (d)conv., (e) div., (f) conv. 
0: 6) -_ 32n-1)z2n—1 
6.115. a 
De 4(2n — 1)! 
1 1 1 
GUT a= Ga) eC = ear beat Sta Gao 
1 122 
6.118. sos te-st+:::l 6 = -1 
(a) 2 es at (b) |z| > O (c) -1/3 
5 3 el 2 
Zz 22 42 Zz 1 Zz Zz 
6.119. alg a > 0, 2. —+——--::3 > 0, i O< <4 
(a) zt+z345 a 3 [zl Z— = 475 Id 20, +76 + et a56+ Iz| 


(b) essential singularity, removable singularity, pole, (c) 27, 0,7i/2 
6.120. (a) diverges. 


6.126. Not uniformly convergent in any region that includes z = 0; uniformly convergent in a region |z| > 5 where 6 is any 
positive number. 


6.137. (a) entire, (b) meromorphic, (c) entire, (d) entire, (e) neither, (f) meromorphic, (g) entire, (h) neither 


lz zg. 2 8923 


6.139. -. (bO< <1 144, eos? i 
3 ets it aat Fat (b) 0 < [z| 6 °°? cos(sing) 
1 1 1 
(GS ORS BS Bao Se eat BS 
63. (b) By gn? = 6 4 39° Bs 0, Be D 


The Residue Theorem 
Evaluation of Integrals 
and Series 


7.1 Residues 


Let f(z) be single-valued and analytic inside and on a circle C except at the point z = a chosen as the center 
of C. Then, as we have seen in Chapter 6, f(z) has a Laurent series about z = a given by 


[o.e} 


fO= >> ale - a)" 
tae (7.1) 
a_| a_2 


= ay + ai(Z— a) + an(z— ay +++ + ste 
Z—-a (z—a) 
where 
1 f@ 
= = 0 ———_ d =0, +1, +2,... hd 
Imi laa ~ me 
In the special case n = —1, we have from (7.2) 
$f dz = 27ia_ (7.3) 
C 


Formally, we can obtain (7.3) from (7.1) by integrating term by term and using the results (Problems 4.21 
and 4.22) 


(7.4) 


dz _|2m p=1 
(z—ay |0 p = integer # | 
Cc 


Because of the fact that (7.3) involves only the coefficient a_, in (7.1), we call a_, the residue of f(z) at 
Z=a. 


7.2 Calculation of Residues 


To obtain the residue of a function f(z) at z = a, it may appear from (7.1) that the Laurent expansion of f(z) 
about z = a must be obtained. However, in the case where z = a is a pole of order k, there is a simple 
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formula for a_; given by 


1 d‘-! 
adi 
eremerer ty Be hee 


{(< — af} (7.5) 
If k = 1 (simple pole), then the result is especially simple and is given by 
a_, = lim(z—a) f(z) (7.6) 
aod 
which is a special case of (7.5) with k = 1 if we define 0! = 1. 
EXAMPLE 7.1: If f(z) = z/(z— 1)(z + 1)”, then z = | and z = —1 are poles of orders one and two, respectively. 


We have, using (7.6) and (7.5) with k = 2, 


Zz 1 
Residue at z= 1 is lim (z v — 
en @-De+i*) 4 


Residue at i din“ leery : 
esidue atz=—lis lim t — 
zl dz |“ (z— 1)(z+ 1? 4 


If z=a is an essential singularity, the residue can sometimes be found by using known series 
expansions. 


EXAMPLE 7.2: Let f(z) = e~'/*. Then, z = 0 is an essential singularity and from the known expansion for e“ 
with u = —1/z, we find 
owe] a 1 1 an 
z Qe 3lz3 


from which we see that the residue at z = 0 is the coefficient of 1/z and equals —1. 


7.3. The Residue Theorem 


Let f(z) be single-valued and analytic inside and on a simple closed curve C except at the singularities 
a, b, c,... inside C, which have residues given by a_,, b_1, c_1,... [see Fig. 7-1]. Then, the residue 
theorem states that 


$f dz = 2mi(a_; + b_1 +ce_1 + -:-) (7.7) 
Cc 


i.e., the integral of f(z) around C is 277i times the sum of the residues of f(z) at the singularities enclosed by 
C. Note that (7.7) is a generalization of (7.3). Cauchy’s theorem and integral formulas are special cases of 
this theorem (see Problem 7.75). 


Fig. 7-1 
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7.4 Evaluation of Definite Integrals 


The evaluation of definite integrals is often achieved by using the residue theorem together with a suitable 
function f(z) and a suitable closed path or contour C, the choice of which may require great ingenuity. The 
following types are most common in practice. 


1. foe F(x) dx, where F(x) is a rational function. 


Consider $e F(z) dz along a contour C consisting of the line along the x axis from —R to +R and 
the semicircle [ above the x axis having this line as diameter [Fig. 7-2]. Then, let R > oo. If F(x) is 
an even function, this can be used to evaluate ie F(x) dx. See Problems 7.7—7.10. 


Fig. 7-2 Fig. 7-3 


2: lie ” G(sin 6, cos @)d0, where G(sin 6, cos 8) is a rational function of sin @ and cos 0. 


Let z = e!®. Then sin 6 = (z— z7!)/2i, cos = (¢ +z !)/2 and dz = ie” dO or d = dz/iz. The 
given integral is equivalent to $e F(z) dz where C is the unit circle with center at the origin 
[Fig. 7-3]. See Problems 7.11—7.14. 


foe} 


3. | F wf ks dx, where F(x) is a rational function. 


Here, we consider $e F(z)e'" dz where C is the same contour as that in Type 1. See Problems 
7.15-7.17 and 7.37. 
4. Miscellaneous integrals involving particular contours. See Problems 7.18—7.23. 


7.5 Special Theorems Used in Evaluating Integrals 


In evaluating integrals such as those of Types | and 3 above, it is often necessary to show that Sr F(z) dz and 
Sr e'"F(z) dz approach zero as R — oo. The following theorems are fundamental. 


THEOREM 7.1. If |F(z)| < M/R* for z= Re'®, where k > 1 and M are constants, then if I’ is the 
semicircle of Fig. 7-2, 
jim [roa =0 
r 
See Problem 7.7. 
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THEOREM 7.2. If |F(z)| < M/R* for z= Re'®, where k > 0 and M are constants, then if I’ is the 
semicircle of Fig. 7-2, 
dim [emo dz =0 
r 
See Problem 7.15. 


7.6 The Cauchy Principal Value of Integrals 


If F(x) is continuous in a < x < b except at a point xp such that a < xp < b, then if €, and & are positive, 
we define 


b Xo—€1 b 
| F(x) dx = lim | F(x) dx + | F(x) dx 
a BES a Xot+€2 


In some cases, the above limit does not exist for €; 4 € but does exist if we take €; = €& = e. Insuchacase, 
we call 


b Xo—€ b 

| Foyae = tim | F(x) dx+ | F(x) dx 
E> 

a a Xote 


the Cauchy principal value of the integral on the left. 
EXAMPLE 7.3: 


does not exist. However, the Cauchy principal value with €; = €) = € does exist and equals zero. 


7.7 Differentiation Under the Integral Sign. Leibnitz’s Rule 


A useful method for evaluating integrals employs Leibnitz’s rule for differentiation under the integral sign. 
This rule states that 


b b 
d oF 
a | Fes a)dx = \> dx 


The rule is valid if a and b are constants, @ is a real parameter such that a; < a < a2 where a, and ay are 
constants, and F(x, a) is continuous and has a continuous partial derivative with respect to a@ for 
a<x<b, a, < a < a. Itcan be extended to cases where the limits a and b are infinite or dependent on a. 
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7.8 Summation of Series 


The residue theorem can often be used to sum various types of series. The following results are valid under 
very mild restrictions on f(z) that are generally satisfied whenever the series converge. See Problems 7.24, 
7.32 and 7.38. 


1. > f(n) = —{sum of residues of wcot 7zf(z) at all the poles of f(z)} 


foe} 


2. (—1)"f(n) = —{sum of residues of awcsc w7zf(z) at all the poles of f(z)} 
p 


fant 
3. pai ) = {sum of residues of tan 7rzf(z) at all the poles of f(z)} 


= 2 1 
4. » -aye( as ) = {sum of residues of asec wzf(z) at all the poles of f(z)} 


7.9 Mittag-Leffler’s Expansion Theorem 


1. Suppose that the only singularities of f(z) in the finite z plane are the simple poles aj, ao, a3,... 
arranged in order of increasing absolute value. 

2. Let the residues of f(z) at aj, a2, a3,... be bi, bz, b3,.... 

3. Let Cy be circles of radius Ry that do not pass through any poles and on which | f(z)| <M, where 
M is independent of N and Ry > © as N > o. 


Then Mittag—Leffler’s expansion theorem states that 


“ 1 1 
Fla) =F0) + nf + 2 | 
n=l 


Z—An An 


7.10 Some Special Expansions 


1 1 1 1 
1. = 2 oi 
eras (3 —-r 2 Baa. 2 — 997 ) 


2. -secz = af : ze + u i ) 
ee Nai — 2 Bale 2 Gay —2 


1 1 1 
3. tanz= 2e{ nage + @n/2pe 2 + (a/2? = ae ) 


1 1 1 1 
4. tz = 2 ia 
ee ze (g—ata-gat aoa ) 


1 1 1 1 
Ds hz= 2 toe 
csch z P (3 que eae + EO ) 


6 sechz = a I 2 + 2 ) 
~~ N@p2yrte2 Ba/2r+2  (Sa/2P% +2 


1 1 1 
7. tanhz = 2z + + Spit 
( + (0/2 24+ (32/2) 22 + (52/2) ) 


1 1 1 1 
8. thz = 2 ete 
ire z (apgtapatazset ) 
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SOLVED PROBLEMS 


Residues and the Residue Theorem 


7.1. 


7.2. 


Let f(z) be analytic inside and on a simple closed curve C except at point a inside C. 
(a) Prove that 


Qari (z aa ayt} 


n=—© 


= 1 
f@= x: an(z— a)" where a, = ae dz,n=0, +1, +2,... 
C 


i.e., f(z) can be expanded into a converging Laurent series about z = a. 
(b) Prove that 


pte dz = 27ia_ 
C 


Solution 


(a) This follows from Problem 6.25 of Chapter 6. 
(b) If we let n = —1 in the result of (a), we find 


a = } fe dz, i.e., pre dz = 27ia_| 


Cc Cc 


We call a_, the residue of f(z) at z= a. 


Prove the residue theorem. If f(z) is analytic 
inside and on a simple closed curve C except at 
a finite number of points a, b, c,... inside C at 
which the residues are a_}, b_1, C_},..., 
respectively, then 


p fle) de = 2mi(a_) +b_1 +c_, +-::) 
Cc 


1.e., 277i times the sum of the residues at all 
singularities enclosed by C. 


Solution 
With centers at a,b, c,..., respectively, construct Fig. 7-4 
circles C,, C2, C3,... that lie entirely inside C as 


shown in Fig. 7-4. This can be done since a, b, c,... 
are interior points. By Theorem 4.5, page 118, we have 


} fa) de = fre) de+ fre) de+ pra de+--. (1) 
But, by Problem 7.1, mi C1 &; = 
pre dz = 2mia_1, pred = 2qib_1, pre dz = 2mic_,... (2) 
Ci os 


Then, from (1) and (2), we have, as required, 


pre dz = 27i(a_; + b_} +c_1 +--+) = 277i (sum of residues) 
C 
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The proof given here establishes the residue theorem for simply-connected regions containing a finite 
number of singularities of f(z). It can be extended to regions with infinitely many isolated singularities and 
to multiply-connected regions (see Problems 7.96 and 7.97). 


7.3. Let f(z) be analytic inside and on a simple closed curve C except at a pole a of order m inside C. 
Prove that the residue of f(z) at a is given by 


asf 1 qd”! 
Ol = a 1! de! 


{(z — a)"f(2)} 
Solution 


Method 1. Suppose f(z) has a pole a of order m. Then the Laurent series of f(z) is 


fO=—— aes: Fee et tag +ay(z—a) +a(z—a)? +-:- (1) 


Then multiplying both sides by (z — a)”, we have 


(z — a)" (Z) = Gm + G_mgiZ — aA +++: +a ay"! + ag(z— a)" +--- (2) 


This represents the Taylor series about z = a of the analytic function on the left. Differentiating both sides 
m — | times with respect to z, we have 


m—1 


Sale a") =O Ila_) + mm — 1)-++2a9(z@— a) +--+: 


Thus, on letting z > a, 


m— 1 


lim 
za dzm-l 


{(z — a)"f(2)} = (m — I) lay 


from which the required result follows. 


Method 2. The required result also follows directly from Taylor’s theorem on noting that the coefficient of 
(z—a)"—' in the expansion (2) is 


1 d"- 1 


emia Soe) 


=a 


a_| 


Method 3. See Problem 5.28, page 161. 


Zz — 22 


7.4. Find the residues of (a) f(z) = ———-,-————_ 
@7@) (z+ 1)°(22 +4) 


plane. 


and (b) f(z) = e® csc” z at all its poles in the finite 


Solution 


(a) f(z) has a double pole at z = —1 and simple poles at z = +2i. 
Method 1. Residue at z = —1 is 


. tld 2 2 2z _ (22 +4)(2z — 2) — (2? — 2z)(2z) 14 
lim (z+1)°- 5 — a | 5 = 
zo-1 Idz (Zt1IP(2+4J 2-1 (22 + 4) 25 
Residue at z = 2 is 
; ; 2 —2z —4—4i T+i 
lim 4 (z — 2i) - 3 - ~~} = — are 
232i (z+ 1)°(z — 2i)(z + 2i) (2i+1)(4i) = 25 
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Residue at z = —2i is 
2_9 444i To 
lim, | (+ 20: eae -| = zie ean 
z>—2i (z+ 1)°(z — 2i)(z + 21) (—2i + 1)°(—4i) 25 


Method 2. Residue at z = 2i is 


; jee . 25H : —I 
lim 4 ———.———_—} = { lim lim 
z>2i| (z+ 1°(2 +4) z>2i(z+ 1) J [222 +4 


eet od) aan Gis 
~ Qi+ 1% 221227 Qi+1)% 46 25 


using L’ Hospital’s rule. In a similar manner, or by replacing i by —i in the result, we can obtain the residue 


at z= —2i. 
(b) f~gw=e esc? z = e*/sin’ z has double poles at z=0, +7, +27,..., Le, z= ma where m=0, 
nl ea wo 


Method 1. Residue at z = m7 is 


ld z 
lim {« mn | - lim 


zomn |! dz sin® Z mT sin’ z 


e[(z — ma)’ sinz + 2(z — mar) sinz — 2(z — m7)’ cos z] 


Letting z— m7 = u or z= u-+mrz, this limit can be written 


3 lim 3 


sin? u u>0 sin” u 


u—>0 


Dee . 2 20: B 2 
tim ern sinu + 2usinu — 2u sel en| u’ sinu + 2usinu — 2u mal 


The limit in braces can be obtained using L’ Hospital’s rule. However, it is easier to first note that 
3 


3 
; . u 
lim —— = lim (—— ) =1 
u>0 sin” u u>0\siIn u 


and thus write the limit as 


NT 


nm. (W sinu+ 2usinu—2u? cosu ue my. U7 sinu + 2usin u — 2u? cos u 
ee" lim rea =e" lim =e 
u>0O u u>0 u3 


uw sin 
using L’Hospital’s rule several times. In evaluating this limit, we can instead use the series expansions 
sinu =u—w>/3!+---, cosu=1—u?/2!+--.. 


Method 2 (using Laurent’s series). 

In this method, we expand f(z) = e’ csc” z in a Laurent series about z = m7 and obtain the coefficient of 
1/(z — m7) as the required residue. To make the calculation easier, let z = u + m7. Then, the function to 
be expanded in a Laurent series about u = 0 is e”"*" csc?(ma + u) = ee" csc? u. Using the Maclaurin 
expansions for e“ and sinu, we find using long division 


uw w uw 


w uw - uw us : 
a eS Co fe aa 
(« 317 SI ) ( 6 * 120 ) 


eT ol csc2 u= 


and so the residue is e’”””. 
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t zcoth 
7.5. Find the residue of F(z) = a atz=0. 
Zz 


Solution 
We have, as in Method 2 of Problem 7.4(b), 


eee ee 
coszcoshz _ 2" A! "Oy" Ay! 


2Bsinzsinhz _ ( o )( oP 2 ) 
LUZ t see tzct t ae 
3! 5! 3! 5! 


F2= 


and so the residue (coefficient of 1/z) is —7/45. 


Another Method. The result can also be obtained by finding 


: dt . sects 
lim Zz 


20 4! dz4 2 sinzsinhz 


but this method is much more laborious than that given above. 


et 


dz around the circle C with equation |z| = 3. 
(22 + 22+ 2) 2 2 


7.6. Evaluate : - 
277i J Z 
C 


Solution 


The integrand e”/ {22 + 2z+ 2)} has a double pole at z = 0 and two simple poles at z = —1 + i [roots of 
2 +2z+2=0]. All these poles are inside C. 
Residue at z = 0 is 


_ ld, e _ (2 +224 2y(te*) — (e*)(2Qz+2) 1-1 
lim Serra: = lim 2 ~ 
230 Wdz|" 2(2+2z+2)} 0 (22 + 22+ 2) 2 


Residue at z= —1 + iis 


tim {e-(-14 a5 tim {OV tim | 24! 
im + i = lim {>} lim } ~~ 
are” 2(z2 +2z+4 2) zo-lti] 22 J ti] 22 +2742 


ef lt+it 1 elt 


Clip @ 4 


Residue at z = —1 —iis 


et e(-l-ot 
lim 4[z 1-i = 
{ ( laa 4 


Then, by the residue theorem 


et t—-1. eclter ge l-ir 

| > az = 277i (sum of residues) = 2771 
(2? + 2z + 2) 2 4 4 

Cc 
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that is, 


Lf et i t—1 
mlAe+wtD~ 2 2 
Cc 


Definite Integrals of the Type [°,, F(x) dx 


7.7. Let |F(z)| < M/R* for z= Re'® where k > 1 and M are 
constants. Prove that limp_, oo Sr F(z) dz = 0 where I is 
the semi-circular arc of radius R shown in Fig. 7-5. 


Solution 


By Property (e), page 112, we have 


™M 
Re 1 


M 
[roa SE" TR = 
r 


since the length of arc L = 7R. Then 


dim | Poa =0 and so jim [roaz=o 
r r 


7.8. Show that for z= Re’®, | f(z)| < M/R®, k > 1 if f(2) = 1/(2° + 1). 


Solution 
Suppose z = Re’®. Then 


1 1 2 


1 
— < = < 
If@)I Reese + ; — |Roe69] — 1 RO — 1 — RO 


where R is large enough (say R > 2, for example), so that M = 2, k = 6. 
Note that we have made use of the inequality |z) + z2| > |z:| — |zo| with z; = R°e% and z = 1. 


7.9. Evaluate laa 
xo + 1 
0 


Solution 


Consider $c dz/(z° + 1), where C is the closed contour of Fig. 7-5 consisting of the line from —R to R and the 
semicircle I’, traversed in the positive (counterclockwise) sense. 

Since 76 4 1 = 0 when z= em/6 e37/6 ems e/ 7/6 27/6 ellm/6 
Only the poles e7/°, e37/6, and e>7/6 


, these are simple poles of 1/(z° + 1). 
lie within C. Then, using L’ Hospital’s rule, 


1 1 ; 
lm —-= =e 57i/6 
ae 6O 6 
i 1 1 
im => 
zo eiti/6 625 6 
1 


Residue at e”/© = lim {« — el) 


zoem/6 


=I 


eo 57/2 


: F 1 
Residue at 7/6 = lim {« em) — = 
e+) 


zo esti/6 


. he od a oe ae 
Residue at eo7i/6 = lim (z _ eFm/6)_—_—_ = lim = 5 25 7/6 
zedti/6 74+] z>ed7i/6 OZ 
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Thus 
dz 1 sai l, oe | ee 20 
= 227i w/o Smi/2 | 25mi/6 4 __ A 
ta nice 6" 6° 3 
CG 
that is, 
i d. d: 2 
| Ix | 2 20 () 
x64] zo4 ] 3 
-R r 


Taking the limit of both sides of (1) as R > © and using Problems 7.7 and 7.8, we have 


R (oe) 
ki | dx | dx Qa (2) 
im = = 
Roo J x64] x©+1 3 

=R —0o 

Since 
| dx = 2| dx 
xo+1 “Jx64]1 


—0oo 


o 


the required integral has the value 77/3. 


foe} 


7.10. Show that | 


—oo 


x2dx 17 


(2 + 1°02 42x42) 50 


Solution 


The poles of z?/(¢* + 1)°(z? + 2z + 2) enclosed by the contour C of Fig. 7-5 are z = i of order 2 andz = —1 +i 
of order 1. 
Residue at z = i is 


lim 2 eee a 9i — 12 
Ll = 
cidz|~ ” @+ir@—DAe + 2242) 100 
Residue at z= —1+/is 
2 — 4i 
lim (¢+1—i) — 2a 
zo —lti (2+1)°(z+1—-iH)(2+14+i 25 
Then 
| x dz a =} I 
(2 + 1° (22 +2z2+2) 100 ° 25 J 50 
C 
or 
R 


| x dx | 2 dz 0 
02+ 17°02 +2x+2) °° J(24+1%(24+224+2) 50 
—R FE 


Taking the limit as R — oo and noting that the second integral approaches zero by Problem 7.7, we obtain 
the required result. 
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Definite Integrals of the Type i ” G(sin 0, cos 0)d0 


27 
7.11. Evaluate | 


0 


dé 
3—2cos d+ sind 


Solution 


Let z=e'®, Then sin@ = (e'? — e'%)/2i = (¢—z')/2i, cos 0 = (e + e7)/2 = (z+ z')/2, dz = iz dO 
so that 


2a 


| dé | dz/iz } 2 dz 
3-—2cosd+sind J 3—2¢42')/24+(¢-2')/2i J dd — 222 + 6iz — 1 —2i 
0 Cc Cc 


where C is the circle of unit radius with center at the origin (Fig. 7-6). 
The poles of 2/{d i)? + 6iz— 1 2i} are the simple poles 


6i + V(6i) 4(1 — 21)(—1 — 2i) 
ce 21 — 20 
—6i + 47 
= —— = 2 —i, (2—1)/5 
1 — 2H Be SDE 
Only (2 — 1)/5 lies inside C. 
Residue at 
(2 — i)/5 lim {z— (2 —i)/5} = 
—D/S= i 
z>(2-i)/5 (1 — 2i)z + 6iz— 1 —2i 
: 2 1 
= tlm ; Ae 
z>(2-)/52(1 — 2i)z+6i 2i y 
G 
by L’Hospital’s rule. - 
Then 
| 2 dz {1 
; ; -= 2ai|—) = 7, 
(1 — 2i)z2 + 6iz — 1 — 2i 2i 
Cc 
Fig. 7-6 
the required value. ' 
27 
dé 207 
7.12. Given a > |b|, show that — = : 
[P| |= Vaz — b2 


0 


Solution 


Let z= e!®. Then, sin 0 = (e!° — e7")/2i = (¢—z7!)/2i, dz = ie d@= izd@ so that 


27 


| dé | dz/iz } 2 dz 
at+bsinod Jatb(g—z')/2i J be +2aiz—b 
0 C Cc 


where C is the circle of unit radius with center at the origin, as shown in Fig. 7-6. 
The poles of 2/(bz* + 2aiz — b) are obtained by solving bz” + 2aiz — b = 0 and are given by 
2ai + V/—4a? + 4b? _ ai t Vaz — bri 
2b = b 


= [=F “ve, 


i 
b b 
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Only {(—a +Va— b) i bhi lies inside C, since 


-a+Va—b?. Ve—-RP-a Ve—-hP +a | b eG 
fe . — 
b b a—b+a (Va? — b? +a) 
when a > |b|. 
Residue at 
Sa a—b. lim ( ) 2 
a b ra “52 + Qaiz—b 
. 2 1 1 
— lim — — 
zou 2bz+2ai by +ai JQ — Pi 
by L’Hospital’s rule. 
Then 
| 2 dz ; 1 20 
- = 27 = 
b2? + 2aiz—b Vaz — bi Ve — PB? 
Cc 
the required value. 
20 36 
cos 7 
7.13. Show that 6=—. 
| 5 —4cos 0 12 
0 
Solution 
Let z = e!®. Then cos = (z+ z7!)/2, cos30 = (e729 + e-*"9)/2 = (2 +.2°7)/2, dz = izdé so that 


27 
| cos 30 4 f (o+2)/2 dz f e+) 


= d 
5 —4cos 6 5—4z+r 2 2s PQz—-NE-2D~ 
0 Cc Cc 


where C is the contour of Fig. 7-6. 
The integrand has a pole of order 3 at z = 0 and a simple pole z = 5 inside C. 
Residue at z = 0 is 


1 @(, +1 21 
im Ze = 
z>0 2! dz 23(2z — 1)\(z— 2) 8 


Residue at z = 5 is 


; 1 ot) 65 
lim z : = 
21/2 2) 3(2z— 1\(z— 2) 24 


Then 
1 O41 1 {21 65 7 ; 
if SOs ben” = 2 ¢ 53 =p SS eae: 
C 
~ dé 5 
7.14. Show that | earns 
(5 — 3 sin 8) 32 
0 
Solution 


Letting z = e’®, we have sin 0 = (z — z7!)/2i, dz = ie'® d@ = izd@ and so 
Qa 
| do } dz/iz 4 | zdz 
(5—3sin0” J (5-32-22? i J B22 — 10iz-— 39° 
0 Cc C 
where C is the contour of Fig. 7-6. 
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The integrand has poles of order 2 at z= (10: + /—-1004 36)/6 = (10i + 8i)/6 = 3i, i/3. Only the 


pole i/3 lies inside C. 


Residue at 
z= i/3 = lim, “ {« BY Ga ion 7 
= Jim, a i/3)° - Gr rie = =| ~ 536 
Then 


“4 zdz 40 ‘) —5 Sa 
i] G2—10iz—3)? =i WEN G6)" 39 
Cc 


Another Method. From Problem 7.12, we have for a > |b|, 


27 


| dé 27 
at+bsind /@—p 


0 


Then, by differentiating both sides with respect to a (considering b as constant) using Leibnitz’s rule, 


we have 
20 Qa 21 
d | d0- | a 1 v | dé 
daJa+bsin@ } da\a+bsino) (a+ bsin 6)” 
0 0 0 
_ d 20 a —27a 
da\Je@—P) (ae —by? 
that is, 
21 
| dé = 27a 
(at+bsind’ (a2 — by? 


0 


Letting a = 5 and b = —3, we have 


QT 

| do nS) Sr 
(5—3sino? (52-32)? 32 

0 


Definite Integrals of the Type | Fo | oe ae. 


7.15. Let |F(z)| < M/R* for z = Re’ where k > 0 and M are constants. Prove that 


jim | onr (z)dz=0 


r 


where IT’ is the semicircular arc of Fig. 7-5 and m is a positive constant. 


CHAPTER 7 The Residue Theorem Evaluation 


Solution 
Let z= Re’. Then f,.e”""F(z) dz = fy" e®e" F(Re!)iRe!® d0. Then 


7 7 
| ele" F(Re')iRe do| < | jee" F(Re')iRe"| dO 
0 0 
7 
= | jein® cos 0—mR sin °F (Re')iRe'?| do 
0 
7 
a3 | ewmk sin 9 F(Re!®)|R do 
0 
7 1/2 
M —mkR sin 0 2M —mR sin 0 
<aoile d0= Ft e dé 
0 0 


Now sin 6 > 26/7 for 0 < 6 < 7/2, as can be seen geometrically from Fig. 7-7 or analytically from 
Problem 7.99. 
Then, the last integral is less than or equal to 


1/2 
2M —2mR@, 7M —mR 
aE | e m1. /7 19 = ail (1 —e m. ) 
0 6 


As R-—- ©, this approaches zero, since m and k are 
positive, and the required result is proved. 


7.16. Show that = ee GS 8 
e+) 2 
0 


Solution 


Consider $e {el /(2 + 1)} dz where C is the contour of Fig. 7-5. The integrand has simple poles at z= +i, 
but only z = i lies inside C. 
Residue at z = i is 


: ; elm 2 eum 
tim i——}- 2i 


Then 


or 
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that is, 
R R 
cos mx sin mx en d = 
Ix Ix IZ = Te 
w+) x+)1 241 
-R = r 
and so 


R : 
> cos mx jen ee d it 
e+1 Jee ™ 

0 r 
Taking the limit as R > © and using Problem 7.15 to show that the integral around T' approaches zero, we 
obtain the required result. 


7.17. Evaluate | sees ge 
x2 +2x+5 


Solution 


Consider fo fze™ (2 +2z+ 5)} dz where C is the contour of Fig. 7-5. The integrand has simple poles at 
z= —1 + 2i, but only z = —1 + 2: lies inside C. 


Residue at z = —1 + 2i is 
lim 4(¢+1—2i) ze nmee ane. 
t 1) - = + 21 
so tai) * 2+4+2z+5 4i 
Then 


zeit ; . eit 20 wT Per 
dz = 2mi(—1 + 2i) - = 5 2i)e “7 


2+2z+5 4i 
Cc 

or 

R ; . 

| xel™ ‘4 | zei™ d Ty 2) = 

Ix + = Ie 
Pees a, Ome wena 

—R T 

that is, 
R R 


| X COS 77x peu i| x Sin 7x dics | zeit ee: ute diye?" 
x2 + 2x+5 x2 + 2x+5 242z2+5 2 
—R —R Tr 


Taking the limit as R > oo and using Problem 7.15 to show that the integral around T’ approaches zero, this 


becomes 
| X COS 7X ae | X sin 77x he TT 20 ime? 
e+2xt+5° °° J 242x450 2 
Equating real and imaginary parts, 
| XCOSTH 4 _ To -an | x sin 7X fet on 
e+2x+5 °° 2 : e+Ax+5 0° 


Thus, we have obtained the value of another integral in addition to the required one. 
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Miscellaneous Definite Integrals 
foe) 


sin x 7 
7.18. Show that [Pas =x. 
x 2 


0 


Solution 


The method of Problem 7.16 leads us to consider the integral of e!“/z around the contour of Fig. 7-5. However, 

since z = 0 lies on this path of integration and since we cannot integrate through a singularity, we modify that 

contour by indenting the path at z = 0, as shown in Fig. 7-8, which we call contour C’ or ABDEFGHJA. 
Since z = 0 is outside C’, we have 


ez 
| —dz=0 
z 
co 
or 
1 ix iz tr ate ic 
e e e e* 
| dx 4 | ac+ | dx 4 | dz=0 
x Z x rd 
=R HJA € BDEFG 
Replacing x by —x in the first integral and combining with the third integral, we find 
R 
eX — ew ek ek 
| dx 4 | dz+ | dz=0 
x Zz Zz 
€ HJA BDEFG 
or 
R 
sin x e e” 
2i| dx = | dz | dz 
x z z 
€ HJA BDEFG 


Let € > O and R > ©. By Problem 7.15, the second integral on the right approaches zero. Letting z = ee’® 
in the first integral on the right, we see that it approaches 


es) 0 
lEe 
. Cie . . ject? . 
— lim iee’’d@ = — lim | ie’ d@= Twi 
0 
T 


e>0 | ee! e>0 
T 
since the limit can be taken under the integral sign. 
Then we have 


R : oo 
F _f sinx ; sinx 7 
lim 21 | Ra = a or [a3 
R>o x x 2 
e>0 © 0 
y 
y B 
R i 
x w/4 
= x 
O R A 
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7.19. Prove that 


1 fa 
2 2 
d. = d. == mad 
| sinx X | coss IX aE 
0 0 


Solution 


Let C be the contour indicated in Fig. 7-9, where AB is the arc of a circle with center at O and radius R. By 
Cauchy’s theorem, 


or 
| ef dz+ | el dz+ | edz =0 (1) 
OA AB BO 


Now on OA, z = x (from x = 0 tox = R); on AB, z = Re'® (from 6 = 0 to 6 = 77/4); on BO, z = re™/* (from 
r= Rtor=O). Hence from (1), 


R 1/4 0 
[eax + | ee" Rel dot [ererens dr=0 (2) 
0 0 R 
that is, 
R R 7/4 
| cos? fe isin x’) dx= emi/4 [evar za | ek cos 20—R? sin26; Reif rd) (3) 
0 0 0 


We consider the limit of (3) as R > ©. The first integral on the right becomes [see Problem 10.14] 


: : 1 i 
elt | Pdr = VT omit = sat is (4) 
2 2V2 2V2 
0 


The absolute value of the second integral on the right of (3) is 
m/4 1/2 
—R? sin20 R —R’ sing 
e Rdé= 5 e dd 


7/4 

PR? no A_R2 oj eed 
| elk cos 26—R sin26 Rede < 
0 0 


Cte, 


1/2 
R —2R° b/ 7 —R2 
< Td =—(1-— 
<5 fe o=pa-e*) 
0 


where we have used the transformation 26 = ¢ and the inequality sin d > 2/7, 0 < ¢ < 77/2 (see Problem 
7.15). This shows that as R — oo, the second integral on the right of (3) approaches zero. Then (3) becomes 


00 


1 : 
[cose +isinxyax = 3/244, [F 


0 


and so, equating real and imaginary parts, we have as required, 


| cos. ax = [sine dx = sys 
a OND. 
0 0 
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Po! 
7.20. Show that | x= 
1+x sin pw 


,O<p<l. 


0 
Solution 


Consider §, (2 ~'/1 + 2)dz. Since z= 0 is a branch point, choose C as the contour of Fig. 7-10 where the 
positive real axis is the branch line and where AB and GH are actually coincident with the x axis but are 
shown separated for visual purposes. 
The integrand has the simple pole z = —1 inside C. 
Residue at z= —1 = e” is 
ize 


— (ptmi\p-| _ {e-lai 
tim, + Ds" =e 


Then 


es (piri 
dz = 2mie?-0™ 
tm 

C 


or, omitting the integrand, 


| a Ue | = aie?“ )™ 
AB BDEFG GH HIJA 
We thus have 


R 27 . : € : 0 : rs 
xP! (Re)?! iRe” dé (xe2™)P—! (ee!) jee! da 
dx 4 -dx + 
1l+x 1+ Re’? 1+ xe?7 1+ ee? 
€ 0 R Qa 


= 2rie?—)™ 


where we have used z = xe” for the integral along GH, since the argument of z is increased by 27 in going 
around the circle BDEFG. 
Taking the limit as e — 0 and R > o and nothing that the second and fourth integrals approach zero, 


we find 
0° 0 
xP-l e2MP—-l yp-l : 
| dx 4 | dx = 2me?— V7 
1+x l+x 
0 oe) 
or 
Fs p-l 
(1 — e2™-Dy | > ay = aatie 
1l+x 
0 
so that 


= Ea ae = 
1+x 1—e27-1)  epti_ e-P™ sin par 
0 


eo . 
| xPol QrieP—™ QT 7 


= 


G y 
3m 
-R+ ai 2 R+ai 


Fig. 7-10 Fig. 7-11 


7.21. Prove that | 


CHAPTER 7 The Residue Theorem Evaluation 


foe} 


cosh ax 


eS where |a| < 1. 
cosh x 2 cos(7a/2) 


0 


Solution 


Consider $e (e““/cosh z) dz where C is a rectangle having vertices at —R, R, R+ ai, —R + qi (see Fig. 7-11). 


The poles of e“/coshz are simple and occur where cosh z = 0, ie., z= (n } 5) mi,n=O0, +1, +2,.... 
The only pole enclosed by C is wi/2. 
Residue of e“/coshz at z = 7i/2 is 


az eat /2 eat /2 2 
li i/2 = = = + ati 
Ae Te) die = anhGD) = an 
Then, by the residue theorem, 
e& : * 
| dz = 2mi(—ie*™/?) = 27e*™? 
cosh z 
Cc 
This can be written 
R 7 ; —R . 
em Sei ealR+iy) ve elimi) F 
|= a | smecpy' ae | Ti) 
-R 0 R 
0 
et -Rtiy) : 
| idy = 2met™/? (1) 
cosh(—R + iy) 


As R — oo, the second and fourth integrals on the left approach zero. To show this, let us consider the 
second integral. Since 


ektiy + e R-y 
2 


| cosh(R + iy)| = 


Te aes. sees Sh Genet 
eg tle?" eR PI =e e*)>—e® 


we have 


T 


- eatRt+iy) oak 

ee eT ee |an = Arrelt-DR 
cosh(R + iy) ~ Jek/4 

0 ( 


and the result follows on noting that the right side approaches zero as R > oo since |a| < 1. In a similar 
manner, we can show that the fourth integral on the left of (1) approaches zero as R > oo. Hence, (1) becomes 


R R 


et ‘ et : 
lim dx + e™ dx} = 27et/? 
R>o cosh x cosh x 
-R -R 
since cosh(x + zi) = — cosh x. Thus 
R foe) F 
e* ew Qmet™/? 27 7 

lim dx = dx = — - —— 
R00 | cosh x | cosh x 1+eqm = eati/2 4 e—ami/2—— cos(ma/2) 


PR —0o 
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Now 
c JAX ie JAX 
| e dx 4 | z dx = x 
coshx cosh x cos(7a/2) 
—oo 0 


Then, replacing x by —x in the first integral, we have 


| e ea | e a= 2 | Sax = T 
cosh x cosh x cosh x cos(7ra/2) 
0 0 0 


from which the required result follows. 


. 2 
7.22. Prove that [=P = min2. 
x27+] 
0 
Solution 


Consider §--{In(z +i)/2+ 1} dz around the contour C consisting of the real axis from —R to R and the 


semicircle I of radius R (see Fig. 7-12). 


The only pole of In(z + i)/(z? + 1) inside C is the simple pole z = i, and the residue is 


Ing+i) __ Ini) 


lim (z — i) 


zi (<—i(zt+ti 2i 
Hence, by the residue theorem, 
1 j In(2i 1 
| a ac = 2m al = min(2i) = 7In2+ 577i 
Cc 


() 


on writing In(2i) = In2 + Ini = In2+4 Ine™/? = In2 + qi/2 using principal values of the logarithm. The 


result can be written 


R 
| aa ! es } dz = min2 + ; ri 
—R T 
or 
0 . R . . 
| aera [Pa [ara = mn2+5 Wi 
—R 0 T 


Replacing x by —x in the first integral, this can be written 


R R 
In(i — In(i 1 ; 1 

| an a2 oe [ae [Pa wln2+—7i 
w+) wrt) 2+ 2 

0 0 I: 


or, since In(@i — x) + In(i +x) = In(@? — x*) = In@? + 1) + ai, 


R R 
InQ? + 1 j 1 j 1 
[73 as ) ax { | a dx 4 [Aer Pde = mind + 5 0 
0 


x+1 w+) 2+1 


0 r 


(2) 
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As R > ©, we can show that the integral around T’ approaches zero (see Problem 7.101). Hence, on taking real 
parts, we find as required, 


R ro) 


InG?2 +1 Ing? +1 
lim, |S : -av=| AC Me 
Roo} x24] xt) 
0 10) 
m/2 m/2 


1 
7.23. Prove that | In sinx dx = | Incosx dx = — 5 7in2. 
0 0 


Solution 


Letting x = tan 0 in the result of Problem 7.22, we find 


1/2 m/2 
2 
| HE Ort) oe? pale ae | Incos 6d = mIn2 
tan? 9+ 1 
0 
from which 
1/2 
1 
| Incos 6 d0 = —57n2 (1) 


0 
which establishes part of the required result. Letting 6 = 7/2 — ¢ in (1), we find 
m/2 
1 
| Insinddd= = 5 ine 


0 


y 
(N+5) (-1+i) Cy (N+4) (14) 


x (N+) (-1-i) (N+5) (1+) 


Fig. 7-13 


Summation of Series 


7.24, Let Cy be a square with vertices at 


1 1 1 1 
(w+5)a +i), (w+ 5) +i), (w+ 5) = 1) (w+5)a —i) 


as shown in Fig. 7-13. Prove that on Cy, |cot 77z| <A where A is a constant. 
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Solution 
We consider the parts of Cy which lie in the regions y > 5, — 5 < y <5 and y < —}. 


Case 1: y > 5. In this case, if z = x + iy, 


em + em emx—ty + en mixt Ty 


emiz — e—Tiz| 


|cot 7z| = 


emix—Ty _ e—Tix+Ty 


|em™*—7| a je tm = en” ais em” 7 1+ ef 2 1+ eT 


- - = = =A 
= Jen mix+ny | =, jemix—7| em — e-m 1—e27 -1—e-7 1 
Case 2: y < —}. Here, as in Case 1, 
|cot 7z| < je aCe ares ae gure te A 
a5 jem™*—7y | = |e~ mit Ty | ~~ e77Y — ety = ie e2Ty S| err el 


< y <5. Consider z = N+5+ iy. Then 
|cot 7z| = |cot 7(N + 5 + iy)| = |cot(a/2 + aiy)| = |tanh wy| < tanh(7/2) = Ao 


If z= —N — 5 + iy, we have similarly 


|cot 7z| = |cot 7(—N — 4+ iy)| = |tanh ay| < tanh(a/2) = Ao 


Thus, if we choose A as a number greater than the larger of A; and Az, we have |cot 77z| < A on Cy where A 
is independent of N. It is of interest to note that we actually have |cot 7z| < A; = coth(7/2) since Ay < A}. 


7.25 


Let f(z) be such that along the path Cy of Fig. 7-13, | f(2| <M/|z|* where k > 1 and M are con- 
stants independent of N. Prove that 


a f(n) = —{sum of residues of mcot wzf(z) at the poles of f(z)} 


Solution 


Case 1: f(z) has a finite number of poles. 

In this case, we can choose N so large that the path Cy of Fig. 7-13 encloses all poles of f(z). The poles of 
cot mz are simple and occur at z= 0, +1, +2,.... 

Residue of wcot 7z f(z) atz=n,n=0, +1, +2,..., is 


lim (z — n)7rcot 7zf(z) = lim (= *) cos 7zf(z) = f(n) 


Zn Sin 77Z 


using L’ Hospital’s rule. We have assumed here that f(z) has no poles at z = n, since otherwise the given series 
diverges. 
By the residue theorem, 


N 
| moot mzf(2dz= >> fn) +S (1) 
n=—N 
Cy 
where S is the sum of the residues of acot 7z f(z) at the poles of f(z). By Problem 7.24 and our assumption on 
(2), we have 


TAM 
(8N + 4) 


< 
= “wk 


| acot mz f(z) dz 


Cy 


7.26. 


7.27. 


CHAPTER 7 The Residue Theorem Evaluation 


since the length of path Cy is 8N + 4. Then, taking the limit as N — ©, we see that 


Jim | cot 7zf(z) dz = 0 (2) 
Cy 
Thus, from (1) we have as required, 
> f@ = -s (3) 


Case 2: f(z) has infinitely many poles. 
If f(z) has an infinite number of poles, we can obtain the required result by an appropriate limiting pro- 
cedure. See Problem 7.103. 


foo 

7 

Prove that }’ —,-—, =—coth 7a where a > 0. 
nao NN +a a 


Solution 


Let f(z) = 1/(2 +”), which has simple poles at z= +ai. 
Residue of cot mzf(2 +a’) at z=ai is 


cot 71zZ cot Tai 7 


li j = = th 
He Oe area Oa 7 ams 
Similarly, the residue at z = —ai is (—7/2a) coth 7a, and the sum of the residues is —(77/a) coth za. Then, by 
Problem 7.25, 
i a —(sum of residues) = 7 coth 7a 
po V+ a? = a 
Prove that )> * coth Weng 3G 
rove tha > = ~—coth 7a — —~ where a : 
joy +a* 2a 2a? 
Solution 


The result of Problem 7.26 can be written in the form 


or 


which gives the required result. 
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1 1 1 r 
7.28. Prove that Gt+ataat Le ra 
Solution 
We have 
2 AoA 
aweot Zz  WCOS TZ (1-42+72-...) 
F@)= = : : 


Ue ples = 
z 2? sin 1z a(i-== mA ) 


1 re we 1 re 
=3(1 re )(14 be) = (1 r-) 
Zz 2! 3! Z 3 


so that the residue at z = 0 is —7°/?. 
Then, as in Problems 7.26 and 7.27, 


cot ae bes 
}* 2 “de= Yoo | Lg 3 ge ie 3 


Cy n=1 


Taking the limit as N — 00, we have, since the left side approaches zero, 


Another Method. Take the limit as a —> 0 in the result of Problem 7.27. Then, using L’ Hospital’s rule, 


: = 1 3 1 _ macothma—-1 7 
im = = lim = 
a0 — n+ a2 nm a>0 2a 6 


n=1 


7.29. Suppose f(z) satisfies the same conditions given in Problem 7.25. Prove that 


SS (—1)"f(n) = —{sum of residues of 7 csc mzf(z) at the poles of f(z)} 


Solution 


We proceed in a manner similar to that in Problem 7.25. The poles of csc wz are simple and occur at 
Za Once s se De ts 
Residue of wesc mz f(z) atz=n,n=0, +1, +2,..., is 


lim (z — n)aese 7z f(z) = lim n(2—*)re = (-1)"f(n) 
Lo Sin 77Z 


Zon n in 


By the residue theorem, 


N 
f arese mz fle)de = 2 (-1)"f(n) +S (1) 


Cy n=—N 


where S is the sum of the residues of a7csc 7zf(z) at the poles of f(z). 


7.30. 


7.31. 


7.32. 
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Letting N — ©, the integral on the left of (1) approaches zero (Problem 7.106) so that, as required, (1) 
becomes 


(oe) 


> (-D¥@) = -S (2) 


—0o 


= —1)" wr 
Prove that y 4 zs = = at ue where a is real and different from 0, +1, +2,.... 
n+a sin’ 77a 


n=—oo 


Solution 
Let f(z) = 1/(¢ + a)* which has a double pole at z = —a. 
Residue of mese 7z/(z+ a)’ at z= —a is 
Feed 4 WCSC TZ 
lim (zta)y- Tf = a csc Ta cot Ta 
Za dz (z + a) 
Then, by Problem 7.29, 
“. (1 ; TT COS 77a 
os 7 = —(sum of residues) = a? csc Ta cot Ta = es 
none (+ a) sin’? 7a 
Suppose a #0, +1, +2,.... Prove that 
atl a+4 a+9 _ 1 wcos ma 
(2@—1r (2-42 (@-9y ~ 2a? 2 sin? ara 


Solution 


The result of Problem 7.30 can be written in the form 


1 B32 Sh \+| A=. 4, ¢ E Ja 1 cos 77a 
@ |(a+i? (a—-1¥J |@+2? @-2J)° __ sin’aa 
or 
1 2@+41) 2@+4) 2@?+9 ,  _ Peosma 
@ (@—-1P (@—4P (@-9% sin? za 


from which the required result follows. Note that the grouping of terms in the infinite series is permissible since 
the series is absolutely convergent. 


Pevettate ee dag e 
% seeie ee. 
BB 33°53. «73 32 
Solution 
We have 
TSEC TZ 7 7 
Qs 3B — Beosmz Bl — mWz/2!+---) 


TO Te 
~ 23 aa eee ~ 73" Oz | 


so that the residue at z= 0 is 7/2. 
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The residue of F(z) atz=n-4 5s n=0, +1, +2,... [which are the simple poles of sec 77z], is 


i 7 T : zZ- n+i —(—1)" 
lim fe — (n4 erg — lim | (a+) _ us 
n n+43) zont1/2 COS 71Z (n+4) 


If Cy is a square with vertices at N11 +7), NU — i), N(—-1+ 1), N(—1 — 0), then 
N N 3 


TSEC TZ -1Y (-1" 7 
} eo 2 Roo a onetet 2 


Cy n=—N (n + Ny n=—N 


and since the integral on the left approaches zero as N — ov, we have 


3 ae eee are - 
Qn+1p |B 3° 53 ~ 16 


—0o 


from which the required result follows. 


Mittag-Leffler’s Expansion Theorem 


7.33. Prove Mittag—Leffler’s expansion theorem (see page 209). 


Solution 


Let f(z) have poles at z= a,,n = 1, 2,..., and suppose that z = ¢ is not a pole of f(z). Then, the function 
F(2/z— Ghas poles at z= a,, n = 1, 2, 3,... and ¢. 
Residue of f(z)/z — ¢ at z= d,, n = 1, 2, 3,..., is 


Dn 
fina gol = 
Zan Gas 
Residue of f(z)/z — ¢ at z= Cis 
FQ) 
lim @ — Y—> =f 
z z—¢ 
Then, by the residue theorem, y 
1 [ f@ Dn 
dz= 1 
sates SIN Da 
Cy ¥ 
where the last summation is taken over all poles 
inside circle Cy of radius Ry (Fig. 7-14). 
Suppose that f(z) is analytic at z= 0. Then, 
putting ¢ = 0 in (1), we have 
1 [ f@ by ; 
— o-“dz = — 2 Fig. 7-14 
sah ae fO+DZ g 
Cy 
Subtraction of (2) from (1) yields 
1 1 1 1 1 
0) 4 bn =S— d. 
FO-fO+D (- = ~) = fa) 7 “| z 
Cy 
ee ek 3) 
277i J uz— 2) 
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Now since |z — ¢| > |z| — |Z| = Rn — |¢| for z on Cy, we have, if | f(z)| < M, 


| f@ Blea M - 27tRn 


Tae-0 “| = Ry(Rw — 1D 


As N — © and therefore Ry — ©, it follows that the integral on the left approaches zero, i.e., 


fQ 
jim, } fea =0 


Cy 


Hence from (3), letting N — ©, we have as required 


1 1 
fD=fO+ pile (4. ae ~) 


the result on page 209 being obtained on replacing ¢ by z. 


1 1 1 
7.34. Prove that cotz =—+ 3 + =) where the summation extends overn = +1, +2,.... 
Zz 


yi LZ-NnNT NW 


Solution 
Consider the function 


Zcos Zz — Sinz 


1 
— t — 
f(@) = cotz ; ae 


Then f(z) has simple poles at z= n7,n = +1, +2, +3,..., and the residue at these poles is 


. Zcosz— Sinz ; Z—nt\ .. Zcosz— sinz 
lim (z — n77) - = lim - lim {| —————— } = 1 
La. Zz sin Zz Zant sin ZL Zant Zz 


At z = 0, f(z) has a removable singularity since 


; 1 . (zcosz— sinz 
lim{ cot z — — } = lim{| ——————— _] = 0 
z>0 Zz z>0 ZSin Z 


by L’ Hospital’s rule. Hence, we can define f(0) = 0. 
By Problem 7.110, it follows that f(z) is bounded on circles Cy having center at the origin and radius 
Ry = (N +5)m. Hence, by Problem 7.33, 


1 1 1 
t = 
itis z BE —nt =) 


from which the required result follows. 
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1 1 1 
7.35. Prove that cotz = - + 22{ 3 — + 2n4e aha |. 


Solution 


We can write the result of Problem 7.34 in the form 


i 1 ES 1 1 1 
De (+4 =1 Z—-nw nt 


1 1 1 1 1 
1 fret of 
tales =) (ss _ (a5 —r)| 


2z 2z 2z 
= N2 Wr 


1 
cotz=-—-+ lim 


N->0©o 


T 
Noo) 2 — oe 22 — 49 


Miscellaneous Problems 


a+ioo ; 
e* bs 
7.36. Evaluate am ——— dz where a and ¢ are any positive constants. 


Vz+t1 


Solution 


The integrand has a branch point at z = —1. We shall take as a branch line that part of the real axis to the left of 
z= —1. Since we cannot cross this branch line, let us consider 


where C is the contour ABDEFGHJKA shown in Fig. 7-15. In this figure, EF and HJ actually lie on the real axis 
but have been shown separated for visual purposes. Also, FGH is a circle of radius e while BDE and JKA 
represent arcs of a circle of radius R. 

Since e/./z + 1 is analytic inside and on C, we have by Cauchy’s theorem 


et 
—— dz = 0 1 
Pas ? (1) 


Omitting the integrand, this can be written 


[+ Jefe [ofefes : 


AB BDE EF FGH' HJ JKA 


Now, on BDE and eae z= Re'® where 6 i from 6) to 7 and 7 to 277 — 6, paginas, | 


On EF, z+ 1 =ue™, /z+1 = Jue™/? = ifu; whereas on HJ, z+ 1 =ue7™, /z+ 1 = fuew™? = 
iJ. In both cases, z= —u — 1, dz = —du, ae u varies from R—1 to e€ along EF and € to R—1 
along HVJ. 


Ck CHAPTER 7 The Residue Theorem Evaluation 


On FGH, z+ 1 = ee’? where ¢ goes from —7 to 7. Thus, (2) can be written 


a+iT 


et ue ket : t e+ Dt(_du) 
ey, | ig ea |.) ENS ae 
| c+ | ea | Tu 


a-iT 4% R-1 


—7 , R-1 

(eelf—1)t . Wut Dt(_ 

4: |= ice"? d+ | alae 
Jee? +1 ! 


T € 


277-6 oi 


+ —___ jRe'"d6 =0 3 
| V Ref + 1 3) 


T 


Let us now take the limit as R > 00 (and T = /R? — a? — ©) and € > 0. We can show (see Problem 7.111) 
that the second, fourth, and sixth integrals approach zero. Hence, we have 


a+ioo R-1 


et : : eT att - eT utr 
| it "| Jz | Ti du 
or letting u = v’, 
1 a et 1 { e ets 2e { 2 e 
5a | ea al Va du Fs [ee 


"a 
7.37. Prove tna | = =—. 
uw+i1 8 
0 
Solution 


Let C be the closed curve of Fig. 7-16 where ’'; and [’, are semicircles of radii € and R, respectively, and center 
at the origin. Consider 
(Inz) 
d 
} PRA 


Cc 
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Since the integrand has a simple pole z = i inside C and since the residue at this pole is 


; — Anz? (Ini)? (mi/2? —7r 
EM =) C Nek 2 OE 


we have by the residue theorem 


(In z) (-?\  -3 
dz = 2ni{ —_— | = —— 1 
fori i ni( 8i 4 (1) 
Cc 
Now 
(ng? fdmz? | fdng? fing? pn? 
nz nz nz Nz nz 
dz = dz 4 dz4 dz + d 2 
frie [nt [zn lene [25 (2) 
Cc —R lr, € T, 


Let z = —u in the first integral on the right so that In z = In(—u) = Inu + In(—1) = Inu + qi and dz = —du. 
Also, let z = u (so that dz = du and In z = Inu) in the third integral on the right. Then, using (1), we have 


R R 
re) 2 2 2 i 
(a ‘ (2 . qe ie |= eh 
ur+1 2+1 w+ +1 4 
€ Tr; € I, 


Now, let € > 0 and R > ©. Since the integrals around I’; and [’) approach zero, we have 


00 (oe) 


(Inu + ri)” (In u)* . —3 
u + u= 
w+ w+ 4 
0 


o 


or 


w+ 24] w+lo 4 
0 
Using the fact that a = tan! gk 
sing the Tac a pai i ae 
0 
2[Or a oS | Inu 3 . 
w+ Jey 4 
0 0 


Equating real and imaginary parts, we find 


[oe wr | Inu 
du = : 
u2+1 8 
0 


0 


the second integral being a by-product of the evaluation. 
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7.38. Prove that 


cotha coth27 coth37 Iw 
fo a ae gD ; 
(w+4)(-14i) (N+1)i (N+) (141) 
Solution j 
Consider 


| a cot mz coth 7 
—.— az 


23 


Cy 


taken around the square Cy shown in Fig. 7-17. 
The poles of the integrand are located at: z= 0 
(pole of order 5); z= +1, +2,... (simple 
poles); z= +i, +2i,... (simple poles). ‘ : 

By Problem 7.5 (replacing z by 77z), we see that: (N+5)CL-) e-(N+1)i (N +5) (14+) 


Tr 
45 ~ 
Residue at z=n(n= +1, +2,...) is 


Residue at z = 0 is Fig. 7-17 


. [(z—n) acos mzcoth 7z cothna 
lim : . = 


sin 77z z ne 


Residue at z= ni (n= +1, +2,...) is 


. [(z—ni) mcot mzcosh 7z cothna 
Zn = 


sinh 7z 2 ne 


Hence, by the residue theorem, 


fp Teco Tr ype 
45° Ly pe 


dz= 
3 
Cy 


Taking the limit as N — 0, we find as in Problem 7.25 that the integral on the left approaches zero and the 
required result follows. 


SUPPLEMENTARY PROBLEMS 


Residues and the Residue Theorem 


7.39. For each of the following functions, determine the poles and the residues at the poles: 


2z+1 z+1\? sinz 
(a) =——~_ (0) (—— ]. ©). ()sechz, () cotz. 
v—z-2 z-1 z 


cosh z 
2B 


7.40. Prove that | 
Cc 
7.41. Show that the residue of (csc z csch z)/z? at z= 0 is —1/60. 


dz = wi if C is the square with vertices at +2 + 2i. 


Z 


d: 
7.42. Evaluate | Se 
cosh z 
C 
7.43. Find the zeros and poles of f(z) = 


around the circle C defined by |z| = 5. 
+4 

2 +227 + 2z 

7.44, Evaluate | e~'/* sin(1/z) dz where C is the circle |z| = 1. 


Cc 


and determine the residues at the poles. 


CHAPTER 7 The Residue Theorem Evaluation 


inh3 
7.45. Let C be a square bounded by x = +2, y= +2. Evaluate | eee Z 
(Z— mi/4y° 
Cc 

7.46. Evaluate | ae +8 dz where C is (a) |z— 2i| = 6, (b) the square with vertices at 1+i7,2+i 

46. CEO Te GIT lee ere Z— 41| = 0, 1, 1, 

JE+ e+e : 
2+ 2i, 1 + 2i. 
2+ 3 sin 7z 


7.47. Evaluate | dz where C is a square having vertices at 3 + 37, 3 — 31, —3+3i, —3 —3i. 


2(z — 1)" 


1 zt 
7.48. Evaluate —— | a) t > 0 around the square with vertices at 2+ 2i, —2+2i, —2 —2i, 2 —2i. 
2mi J 222 +1) 
C 
Definite Integrals 


00 27 


Ix 7 cos 30 
7.49. P. that — rr 7.52. Evaluate | -—————d@. 
rove that ¥o1 2/3 valuate | 6 
0 0 
{ d 236 3 
7.50. Evaluate javeae 7.53. Prove that | ae — is 
(x2 + 1)? +4) 5 — 4cos 20 8 
0 0 
7 sin36 { —m( 
7.51. Evaluate | ae i 7.54. Prove that if m > 0, | sare sie x= ne Or re: 
5 —3cos 6 (2 + 1) 4 
0 0 
75. (a) ind the tesidue ot" — = at ;. (b) Evaluat | et oy 
.55. (a) Find the residue of ———-z at z =i. valuate | —_——-zdx. 
@+p, Grady 
7 0 
dé 27 


7.56. Given a? > b? + c?. Prove that | 
0 


cos 30 1357 


(5—3cos6)? 16,384 
0) a 


a+bcosO+csind /q _—pP—@ 
20 


7.57. Prove that | 7.59. Evaluate 


7.58. Evaluate \Fescest 7.60. Prove that 
etx241 


0 0 

7.61. Discuss the validity of the following solution to Problem 7.19. Let u = (1 + )x//2 in the result Te e du= 
1 /ar to obtain [> e dx = 4(1 — i),/77/2 from which f° cosx? dx = J sin.x? dx = }./7/2 on equating real 
and imaginary parts. 


7.62. Show that | 
0 


cos 27x —7 
dx = a3 
etx et) fe 23° 


Summation of Series 


Ned 7 wr 
7.63. Prove that =—coth7 4 esch? a 
x (n2+1P 4 4 


“1 «w “1 
7.64. Prove that | Sac ant 
pve that a 90° ‘ Qui 945 


(-1)""'nsinn@ = asinhaé 


7.65. P that = ; <0< 7. 
saa » n+ Dubege 
1 1 1 1 wT 

7.66. Prove that 2 R ar fie bats =a 


7.67. 


7.68. 
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Prove that 3 ! aw | sinh2aa + sin 27a 
n'+4a4 ~ 4a3 |cosh27a — cos 27a|" 


n=—0oo 


0° 0° 1 Pred 
Prove that is a GEE ee EB) — ab coth za coth 7b. 


n=—0O m=—0O 


Mittag-Leffler’s Expansion Theorem 


7.69. 


7.70. 


7.71. 


7.72. 


7.73. 


1 1 1 1 
Prove that csc z = 5 22(5 ee a } 220g 26 ). 


1 3 =) 
Prove that sech z = 7 5 5 f 5 re 
(7/2) +2 32/2) +2 (52/2) +2 
(a) P. that t 2 ( : : : ) 
a) Prove that tanz = t t fees]. 
oS "\ apy 2" Bn/—2' Ga] —2 

1 1 1 1 wr 

(b) Use the result in (a) to show that 2 f 32 { 52 { 7 a 5 


Prove the expansions (a) 2, (b)4, (c)5, (d)7, (e) 8 on page 209. 


1 {5 1. | 1 1 1 1 a 


Prove that )° = 7.74, Prove that —+—+—+—4..-= 
a 24+4kre 27/2 z e&-1 14 


Miscellaneous Problems 


7.75. 
7.76. 


7.77, 


7.78. 


7.79. 


7.80. 


7.81. 


7.82. 


7.83. 


7.84. 


Prove that Cauchy’s theorem and integral formulas can be obtained as special cases of the residue theorem. 


; 22-42 +5 
Prove that the sum of the residues of the function ——————— at all the poles is 2/3. 
3z6 — 8z+ 10 


Let n be a positive integer. Prove that ie eS 9 cos(n6 — sin 0) d0 = 27/n!. 
Evaluate ¢. ze'/* dz around the circle C with equation |z — 1| = 4. 


Prove that under suitably stated conditions on the function: 


(a) fy" Fle) d0 = 2nf (0), (b) [fle cos 40 = —7f'(0). 


Show that: (a) icf cos(cos 6) cosh(sin 0) d0= 2a = (b) 1 eS 9 cos(sin 6) cos 0 dé = 7. 


(oe) 


Prove that | 


0 


sin ax d 1 os a 1 
=-—co A 
em A 2 Og 


[Hint. Integrate et / (e?™ — 1) around a rectangle with vertices at 0, R, R+i, i and let R > ©o.] 


00 


sin ax 1 7 
Prove that dx = - ‘ 
e+] 2a 2sinh 7a 
0 a+ioo . 
; a a sin pt 
Given a, p, and ¢ are positive constants. Prove that aU k= : 
a ARpe P 
0 a—ioo 
Inx aina 
Prove that Sa oe = —_—. 
x +a 2a 
0 
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7.85. 


7.86. 


7.87. 


7.88. 


7.89. 


7.90. 


7.91. 


7.92. 


7.93. 


7.94, 


7.95. 


7.96. 
7.97. 


7.98. 


foe) 


._ sinh : 
Suppose —a <a < 7. Prove that | e* om ale sina 
sinh 77x cosa+coshaA 
Prove that | tt In2 
rove thai = ; 
(4x2 + m)coshx 27 
0 
finx  -?Vv3 (dna?) _ 3av2 
Sass @ [ae 16” 0) [Pas 64 
0 a 
: : (In z)? a ; 
Hint. Consider ri 1% around a semicircle properly indented at z = 0. 
a 
Bs C 
Inx 
Evaluate | ——— dx. 
(x? + 1) 


0 


sin aq 


inh 
Prove that if jal < 1 and b > 0, |= PF cosbean = = 
sinh x 2 


0 


Prove that if -1<p<1l, | 


0 


COS px 7 
C= ' 
coshx 2 cosh(p7r/2) 


Prove that | 
0 
Suppose a > 0 and —7/2 < B < 7/2. Prove that 


In(1 + x) ain2 
dx = ; 
14+x 2 


(a) | eSB cos(ax? sin B) dx = 1./7/acos(B/2). 
0 
(b) | eSB sin(ax’ sin B) dx = }./77/asin(B/2). 
0 
Prove that csc* z = 3 ae 
PommrlS Oi ny 


Suppose a and p are real and such that 0 < |p| < 1 and 0 < |a| < z. Prove that 


| xP dx = 7 sin pa 
x2+2xcosa+1 \sinpa/\ sina 
0 

dx 2a 
f2=-3 S32 


Prove the residue theorem for multiply-connected regions. 


1 
Prove | 


0 


{Consider contour of Fig. 7-18.] 


Find sufficient conditions under which the residue theorem 
(Problem 7.2) is valid if C encloses infinitely many iso- 
lated singularities. 


Let C be a circle with equation |z| = 4. Determine the value 
of the integral 


1 

| 2 csc—dz 
Zz 

C 


if it exists. 


cos am -+ coshb 


Fig. 7-18 


7.99, 


7.100. 


7.101. 


7.102. 


7.103. 


7.104. 


7.105. 


7.106. 


7.107. 


7.108. 


7.109. 


7.110. 
7.111. 


7.112. 


7.113. 


7.114. 


7.115. 


7.116. 


7.117. 
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Give an analytical proof that sin 0 > 20/7 for 0 < 6 < 7/2. 


[Hint. Consider the derivative of (sin 0)/0, showing that it is a decreasing function.] 


00 


Prove that | - . dx = -. 
sinh 7x 4 
0 


Verify that the integral around [ in equation (2) of Problem 7.22 goes to zero as R > ©. 


0 if |r| <1 
minr? if |r) > 1° 


(a) Suppose r is real. Prove that [mc 2rcos 6+ 1°) d0 = 


0 
1/2 


(b) Use the result in (a) to evaluate | In sin 6 dé (see Problem 7.23). 
0 
Complete the proof of Case 2 in Problem 7.25. 


0 
00 1 /3 T/3 
Show that pe igi S tan ( 5) ). 
Verify that as N — oo, the integral on the left of (1) in Problem 7.29 goes to zero. 
1 1. 5? 


1 1 
Prove that 3 { 55st = 1536" 


00 a 
Let 0 < p < 1. Prove that | = hoa = 7cotp7 in the Cauchy principal value sense. 


_ 2 1 2 1 
Prove the results given on page 209 for (a) > f ea and (b) Xe 1)"f (3 oe ). 


(—1)” sinné _ Ka 0)(7 + 0) 
n 12 : 


Given —7 < 6 < 7. Prove that y 


n=1 
Prove that the function cot z — 1/z of Problem 7.34 is bounded on the circles Cy. 


Show that the second, fourth, and sixth integrals in equation (3) of Problem 7.36 approach zero as € > 0 and 
R—- o, 


Prove that f ! { : a = 
cosh(7r/2) 3cosh(37/2) Scosh(57/2) 8 
a+ioo 
piove that: il ogists dt it tant 
rove tha = where a and ¢ are any positive constants. 
271 JZ ‘ a/ Tt % yP 


mn nT 19777 


Prove that ae 


_ ~ 56,700" 
Prove that | aa = some a 
(x2 + 1) cosh ax 2 
0 
Prove that : { : m 
Bsinha 23 sinh27 | 33 sinh3a ~ 360° 


Prove that if a and ¢ are any positive constants, 
at+ioo 


—— | e cot! zdz= os 
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ANSWERS TO SUPPLEMENTARY PROBLEMS 


7.39. 


7.42. 
7.43. 
7.44. 
7.45. 
7.47. 
7.48. 
7.50. 
7.51. 
7.58. 
7.59. 
7.78. 
7.88. 


(a) z= —1, 2; 1/3, 5/3, (b) z=154, () z=0;1 


(d) z= 42k + 1)ai; (-—1)1i where k= 0, +1, +2,..., (€) z= kai; 0 where k= 0, +1, +2,... 


877i 


Zeros: z= +2i, Res: at z= 0 is 2, Res: at za = 
27 
—9n/2/2 
—67i 

1 —cost 
577/288 

0 

a/3/6 
1/2 

1/24 
—T/4 


1+iis 


2( 


3i), Res: at z= 


1 


iis 


5(1 + 3i) 


CHAPTER 8 


Conformal Mapping 


8.1 Transformations or Mappings 


The set of equations 


u = u(x, y) 


v = v(x, y) oD 


defines, in general, a transformation or mapping, which establishes a correspondence between points in the 
uv and xy planes. The equations (8.1) are called transformation equations. If to each point of the uv plane, 
there corresponds one and only one point of the xy plane, and conversely, we speak of a one-to-one trans- 
formation or mapping. In such a case, a set of points in the xy plane (such as a curve or region) is mapped 
into a set of points in the uv plane (curve or region) and conversely. The corresponding sets of points in the 
two planes are often called images of each other. 


8.2 Jacobian of a Transformation 


Under the transformation (8.1), a region Fe of the xy plane is, in general, mapped into a region 7’ of the uv 
plane. Then, if AA,,, and AA,,, denote, respectively, the areas of these regions, we can show that if u and v are 
continuously differentiable, 


. MAy os v) 
lim = (8.2) 
AA, a(x, y) 
where lim denotes the limit as AA,, (or AA,,,.) approaches zero and where the determinant 
ou Ou 
au 0) _|@x By] _ aude _ aun és 


a(x, y) | dv av) ax dy — ay ax 
ax oy 


is called the Jacobian of the transformation (8.1). 

If we solve (1) for x and y in terms of u and v, we obtain the transformation x = x(u, v), y = y(u, v), often 
called the inverse transformation corresponding to (8.1). If x and y are single-valued and continuously dif- 
ferentiable, the Jacobian of this transformation is d(x, y)/d(u, v) and can be shown equal to the reciprocal of 
a(u, v)/O(x, y) (see Problem 8.7). Thus, if one Jacobian is different from zero in a region, so also is the other. 

Conversely, we can show that if u and v are continuously differentiable in a region and if the Jacobian 
a(u, v)/O(x, y) does not vanish in 7, then the transformation (8.1) is one-to-one. 
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8.3 Complex Mapping Functions 


A case of special interest occurs when u and v are real and imaginary parts of an analytic function of a 
complex variable z = x + iy, Le., w= u+iv = f(z) =f(x + iy). In such a case, the Jacobian of the trans- 
formation is given by 
a(u, v) 
a(x, y) 
(see Problem 8.5). It follows that the transformation is one-to-one in regions where f’(z) # 0. Points where 
f'(@ = O are called critical points. 


Sar (8.4) 


8.4 Conformal Mapping 


Suppose that under transformation (8.1), point (xo, yo) of the xy plane is mapped into point (uo, v9) of the uv 
plane (Figs. 8-1 and 8-2) while curves C; and C2 [intersecting at (xo, yo)] are mapped, respectively, into 
curves C; and C4 [intersecting at (uo, vo)]. Then, if the transformation is such that the angle at (xo, yo) 
between C and C2 is equal to the angle at (uo, v9) between C; and C4 both in magnitude and sense, the 
transformation or mapping is said to be conformal at (xo, yo). A mapping that preserves the magnitudes 
of angles but not necessarily the sense is called isogonal. 


- Vv 
Cy 

(Up, Vp) 
Cc 


C! 
(Xo; Yo) - 


Fig. 8-1 Fig. 8-2 


The following theorem is fundamental. 


THEOREM. 8.1: _ Iff(z) is analytic and f’(z) 4 0 in a region 7, then the mapping w = f(z) is conformal at 
all points of ?. 


For conformal mappings or transformations, small figures in the neighborhood of a point zp in the z plane 
map into similar small figures in the w plane and are magnified (or reduced) by an amount given approxi- 
mately by |f’(zo)|*, called the area magnification factor or simply magnification factor. Short distances in 
the z plane in the neighborhood of zp are magnified (or reduced) in the w plane by an amount given approxi- 
mately by |f’(zo)|, called the linear magnification factor. Large figures in the z plane usually map into 
figures in the w plane that are far from similar. 


8.5 Riemann’s Mapping Theorem 


Let C (Fig. 8-3) be a simple closed curve in the z plane forming the boundary of a simply connected region 
R. Let C’ (Fig. 8-4) be a circle of radius one and center at the origin [the unit circle] forming the boundary 
of region ?’ in the w plane. The region R’ is sometimes called the unit disk. Then Riemann’s mapping 


CHAPTER 8 Conformal Mapping 


theorem states that there exists a function w = f(z), analytic in R, which maps each point of R into a 
corresponding point of 7’ and each point of C into a corresponding point of C’, the correspondence 
being one-to-one and onto, i.e., every point of R’ is the image of exactly one point of R. 


z plane w plane 


C' 


Fig. 3:3 Fig. 3-4 


This function f(z) contains three arbitrary real constants that can be determined by making the center of 
C’ correspond to some given point in R, while some point on C’ corresponds to a given point on C. It should 
be noted that while Riemann’s mapping theorem demonstrates the existence of a mapping function, it does 
not actually produce this function. 

It is possible to extend Riemann’s mapping theorem to the case where a region bounded by two simple 
closed curves, one inside the other, is mapped onto a region bounded by two concentric circles. Also, any 
simply connected region that is not the whole x-y plane can be mapped conformally onto the unit disk. For 
example, the upper half plane can be mapped conformally onto the unit disk (see Section 8.11). 


8.6 Fixed or Invariant Points of a Transformation 


Suppose that we superimpose the w plane on the z plane so that the coordinate axes coincide and there is 
essentially only one plane. Then we can think of the transformation w = f(z) as taking certain points of the 
plane into other points. Points for which z= (f(z) are called the fixed or invariant points of the 
transformation. 


EXAMPLE 8.1: The fixed or invariant points of the transformation w = 2 are solutions of z? = z,i.e., z= 0, 1. 


8.7 Some General Transformations 


In the following, a, 6 are given complex constants while a, 6 are real constants. 


1. Translation. w = z+ 6 
By this transformation, figures in the z plane are displaced or translated in the direction of 
vector B. 
2. Rotation. w = e!®z 
By this transformation, figures in the z plane are rotated through an angle 6. If 6) > 0, the 
rotation is counterclockwise while, if 0) < 0, the rotation is clockwise. 
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3. Stretching. w = az 
By this transformation, figures in the z plane are stretched (or contracted) in the direction z if 
a> 1(or0<a< 1). We consider contraction as a special case of stretching. 
4. Inversion. w = 1/z 


8.8 Successive Transformations 


If w = f(g) maps region R; of the ¢ plane into region 7e,, of the w plane while ¢ = f:(z) maps region R, of 
the z plane into region ?,, then w = fi[f:(z)] maps FR, into R,,. The functions f, and f) define successive 
transformations from one plane to another, which are equivalent to a single transformation. These ideas 
are easily generalized. 


8.9 The Linear Transformation 


The transformation 


w=az+B (8.5) 
where a and f are given complex constants, is called a linear transformation. Letting a = ae'™, we see that 


a general linear transformation is a combination of the transformations of translation, rotation, and 
stretching. 


8.10 The Bilinear or Fractional Transformation 


The transformation 


az+ B 
w= : 
yet 6 


ad— By #0 (8.6) 


is called a bilinear or fractional transformation. This transformation can be considered as a combination of 
the transformations of translation, rotation, stretching, and inversion. 

The transformation (8.6) has the property that circles in the z plane are mapped into circles in the w plane, 
where by circles we include circles of infinite radius that are straight lines. See Problems 8.14 and 8.15. 

The transformation maps any three distinct points of the z plane into three distinct points of the w plane, 
one of which may be at infinity. 

If z1, Z2, 23, 24 are distinct, then the quantity 


(Z4 — 21)(Z2 — 23) (8.7) 
(Z2 — Z1)(Z4 — 23) 

is called the cross ratio of z1, 22, Z3, Z4. This ratio is invariant under the bilinear transformation, and this 

property can be used in obtaining specific bilinear transformations mapping three points into three other 

points. 
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8.11 Mapping of a Half Plane onto a Circle 


Let zp be any point P in the upper half of the z plane denoted by FR in Fig. 8-5. Then, the transformation 


w= el (2) (8.8) 


Z— Zo 


maps this upper half plane in a one-to-one manner onto the interior R’ of the unit circle |w| = 1. Each point 
of the x axis is mapped to the boundary of the circle. The constant 0) can be determined by making one 
particular point of the x axis correspond to a given point on the circle. 

In the above figures, we have used the convention that unprimed points such as A, B, C, etc., in the z plane 
correspond to primed points A’, B’, C’, etc., in the w plane. Also, in the case where points are at infinity, we 
indicate this by an arrow such as at A and F in Fig. 8-5, which correspond, respectively, to A’ and F” (the 
same point) in Fig. 8-6. As point z moves on the boundary of F [i.e., the real axis] from —°» (point A) to +-00 
(point F), w moves counterclockwise along the unit circle from A’ back to A’. 


z plane w plane 


Fig. 8-5 Fig. 8-6 


8.12 The Schwarz-Christoffel Transformation 


Consider a polygon [Fig. 8-7] in the w plane having vertices at w1, W2,...,W, with corresponding interior 
angles a1, a2,..., Qn, respectively. Let the points w1, w2,..., Wy be the images, respectively, of the points 
X1, X2,...,%» on the real axis of the z plane [Fig. 8-8]. 

v w plane y,  & Plane 


Fig. 8-7 Fig. 8-8 
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A transformation that maps the upper half R of the z plane onto the interior R’ of the polygon of the w 
plane and the real axis onto the boundary of the polygon is given by 


d 
a = A(z = xy) (z= x2) (ZnO (8.9) 


or 
w= Ale = JON Z = xn) T(z — xy) dz + B (8.10) 


where A and B are complex constants. 
The following facts should be noted: 


1. Any three of the points x), x2,...,x, can be chosen at will. 

2. The constants A and B determine the size, orientation, and position of the polygon. 

3. It is convenient to choose one point, say x,, at infinity in which case the last factor of (8.9) and 
(8.10) involving x, is not present. 

4. Infinite open polygons can be considered as limiting cases of closed polygons. 


8.13 Transformations of Boundaries in Parametric Form 


Suppose that in the z plane a curve C [Fig. 8-9], which may or may not be closed, has parametric equations 
given by 


x=F(t), y= G(t) (8.11) 
where we assume that F and G are continuously differentiable. Then, the transformation 
z= F(w) + iG) (8.12) 


maps the real axis C’ [Fig. 8-10] of the w plane onto C. 


1 
z plane y| ” Blane 


Fig. 3-9 Fig. 8:10 


8.14 Some Special Mappings 


For reference purposes, we list here some special mappings that are useful in practice. For convenience, that 
we have listed separately the mapping functions that map the given region 7 of the w or z plane onto the 
upper half of the z or w plane or the unit circle in the z or w plane, depending on which mapping function is 
simpler. As we have already seen, there exists a transformation [equation (8.8)] that maps the upper half 
plane onto the unit circle. 


E> CHAPTER 8 Conformal Mapping 


A. Mappings onto/on the Upper Half Plane 
A-1 Infinite sector of angle 7r/m w=2",m> 1/2 


z plane 


w plane 


Fig. 8-11 Fig. 8-12 
A-2 Infinite strip of width a w= ers 
zplane w plane 


y 


Fig. 8-13 Fig. 8-14 
ee : : _ WZ 
A-3 Semi-infinite strip of width a w= sin— 
(a) 
z plane 


w plane 


Fig. 8-15 Fig. 8-16 
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Zz 
(b) w= cos 


1 
aa w plane 


Fig. 8-17 Fig. 8-18 


WZ 
= h— 
(c) w = COS 


z plane w plane 


Fig. 8-19 Fig. 8-20 


A-4 Half plane with semicircle removed 


z plane 


Fig. 8:21 Fig. 8-22 
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v] 
A-5 Semicircle w= (4) 


w plane 


Fig. 8-23 Fig. 824 


A-6 Sector of a circle 


z plane 
y 
Cc 
B 
D A x 
1 
Fig. 8-25 Fig. 8-26 
: sabes Tee 
A-7 Lens-shaped region of angle a/m w = ermicot'p () ,m>2 
[ABC and CDA are circular arcs.] as 
z plane w plane 


y 


Fig. 8-27 Fig. 8-28 
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A-8 Half plane with circle removed w = coth(7/z) 


z plane w plane 


Fig. 8-29 Fig. 8-30 
A-9 Exterior of parabola y? = 4p(p — x) w = i(./z — ./p) 
z plane w plane 


Fig. 8-31 Fig. 8-32 
A-10 Interior of the parabola y* = 4p(p — x) w = e™V/P 
z plane w plane 


Fig. 8-33 Fig. 8-34 
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A-11 Plane with two semi-infinite parallel cuts w=—mi+2Inz—2 


w plane z plane 


Fig. 8-35 Fig. 8-36 
2 
A-12 Channel with right angle bend w = —{tanh7! p,./z — ptan™! ./z} 
7 
w plane z plane 


-1 -1/p? 
Fig. 8-37 Fig. 8-38 
z 
A-13 Interior of triangle w= jaa — 18/71 qt 
w plane z plane w 


Fig. 8-39 Fig. 8-40 
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z 
dt 
A-14 Interior of rectangle w= | ,O<k<1l 
Jd — 7) — kt?) 
w plane z plane 


Fig. 3-41 Fig. 8-42 


B. Mappings on/onto the Unit Circle 


1 
B-1 Exterior of unit circle w= - 
w plane z plane 
yA ; 
Fig. 8-43 Fig. 8-44 
1 
B-2 Exterior of ellipse w=5 (ze~* + z 1 e%) 


w plane 


Fig. 8-45 Fig. 8-46 
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B-3 Exterior of parabola y* = 4p(p — x) 


z plane 


Fig. 8-47 Fig. 8-48 
B-4 Interior of parabola y? = 4p(p — x) w= tan? = 
z plane w plane 
Fig. 8-49 Fig. 8-50 
C. Miscellaneous Mappings 
C-1 Semi-infinite strip of width a onto quarter plane w= sins 
a 


z plane w plane 


Fig. 851 Fig. 8-52 
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C-2 Interior of circle onto cardioid w=2 


w plane z plane 


p=2a*(1+cos ¢) 


B 
Fig. 8-53 Fig. 8-54 
C-3 Annulus onto rectangle w=Inz 
z plane w plane 


» Vv 


D 


Fig. 8-55 Fig. 8-56 
C-4 Semi-infinite strip onto infinite strip w=In coth(5) 
z plane w plane 
y v 


& 


Q ma mo a 


Fig. 8-57 Fig. 8-58 
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C-5 Infinite strip onto plane with two semi-infinite cuts w=z+e 


w plane z plane 


Fig. 8-59 Fig. 8-60 


SOLVED PROBLEMS 


Transformations 


8.1. Let the rectangular region R [Fig. 8-61] in the z plane be bounded by x = 0, y=0,x =2, y= 1. 
Determine the region R’ of the w plane into which R is mapped under the transformations: 


(a)w=z+(1—-2i), (b)w= V2e™4z, (c) w= V2e™/4z + (1 — 23). 


Solution 


(a) Givenw =z+ (1 — 21). Thenu+iv=x+iy+1—-—2i=(4+1)+iQ—2)andu=x+1,v=y—-2. 
Line x = 0 is mapped into u = 1; y = 0 into v = —2; x = 2 into u = 3; y = 1 intov = —1 [Fig. 8-62]. 
Similarly, we can show that each point of R is mapped into one and only one point of R’ and conversely. 


z plane w plane 


Fig. 861 Fig. 8-62 


The transformation or mapping accomplishes a translation of the rectangle. In general, w= z+ B 
accomplishes a translation of any region. 
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(b) Given w = J/2e™/4z, Thenu+iv=(1+i)a+iy)=x-—y+i(a+y)andu=x—-y,v=x+y. 
Line x = 0 is mapped into u y,v=yoru v; y=O0 into u=x, v=x oru=v; x =2 into 
u=2-—y,v=2+yoru+v=4 y=1intou=x—-1,v=x+1 orv—u=2 [Fig. 8-64]. 


z plane w plane 
y 
yal 
3 u 
y=0 
Fig. 8-63 Fig. 8-64 


The mapping accomplishes a rotation of R (through angle 7/4 or 45°) and a stretching of lengths 
(of magnitude J/2). In general, the transformation w = az accomplishes a rotation and stretching of a 
region. 


(c) Given w= VJ72e/4z74+(1—2i). Then ut+tiv=(1+id(xt+iy)+1—2i and u=x—-y+4l, 
v=xt+y-2. 
The lines x=0, y=0, x= 2, y=1 are mapped, respectively, into u-+-v=-—1, u—v=3, 
u+v=3,u—v=1 [Fig. 8-66]. 


z plane w plane 
y 
y=] “ 
x 
y=0 
Fig. 8-65 Fig. 8-66 


The mapping accomplishes a rotation and stretching as in (b) and a subsequent translation. In general, 
the transformation w = az-+ 6 accomplishes a rotation, stretching, and translation. This can be con- 
sidered as two successive mappings w = az, (rotation and stretching) and z; = z+ B/a (translation). 


8.2. Determine the region of the w plane into which each of the following is mapped by the transformation 
w = 2’. (a) First quadrant of the z plane. (b) Region bounded by x = 1, y= 1, andx + y= 1. 


Solution 


(a) Let z= re”, w = pe'?. Then if w= 2, pe’ = re" and p= r*, @ = 26. Thus points in the z plane at 
(r, 6) are rotated through angle 20. Since all points in the first quadrant [Fig. 8-67] of the z plane 
occupy the region 0 < 0 < 77/2, they map into 0 < ¢ < wor the upper half of the w plane [Fig. 8-68]. 


z plane w plane 


y Vv 


Fig. 8-67 Fig. 868 
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(b) Since w = 2” is equivalent to u + iv = (x + iy)? = x° — y* + 2ixy, we see that u = x” — y’, v = 2xy. Then 
line x=1 maps into u=1—y’, v=2y or u=1—v7/4; line y=1 into u=x?—1, v=2x or 
u=v/4—1;linext+y=1 ory=1-—x intou =x? — (1 —x)* = 2x— 1, v = 2x(1 — x) = 2x — 2x or 
v = $(1 — wv’) on eliminating x. 

The regions appear shaded in Figs. 8-69 and 8-70 where points A, B, C map into A’, B’, C’. Note that the 
angles of triangle ABC are equal, respectively, to the angles of curvilinear triangle A’B’C’. This is a conse- 
quence of the fact that the mapping is conformal. 


z plane 


Fig. 869 Fig. 8-70 


Conformal Transformations 


8.3. Consider the transformation w = f(z) where f(z) is analytic at zo and f’(z)) #0. Prove that under this 
transformation, the tangent at zo to any curve C in the z plane passing through zy [Fig. 8-71] is 
rotated through the angle a = arg f(z) [Fig. 8-8]. 


z plane 


Z + Z 
we 


Cf 3 
at 
£0 “a 1 Pe AG oS 


Fig. 871 Fig. 8-72 
Solution 


As a point moves from zp to z + Az along C, the image point moves along C’ in the w plane from wo to 
wo + Aw. If the parameter used to describe the curve is t, then corresponding to the path z= z(t) [or 
x = x(t), y = y(t)] in the z plane, we have the path w = w(f) [or u = u(f), v = v(t)] in the w plane. 

The derivatives dz/dt and dw/dt represent tangent vectors to corresponding points on C and C’. 


Now 
dw dw dz , dz 
dt dz a) OF 
and, in particular at z) and wo, 
dw , az 
Wels FG) Fl (1) 
W=Wo l=Z0 
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provided f(z) is analytic at z = zy. Writing 


“ a poe®, — f'(2) = Re™, “ ics roe! 
we have from (1) 
pe = Rroe ot) (2) 
so that, as required, 
fp = % + a= 0 + argf’(zo) (3) 


Note that if f’(zo) = 0, then @ is indeterminate. Points where f’(z) = 0 are called critical points. 


8.4. Prove that the angle between two curves C; and C2 passing through the point zo in the z plane [see 
Figs. 8-1 and 8-2, page 243] is preserved [in magnitude and sense] under the transformation 
w = f(z), ie., the mapping is conformal, if f(z) is analytic at z and f’(z)) £0. 
Solution 
By Problem 8.3, each curve is rotated through the angle arg f’(zo). Hence, the angle between the curves must be 
preserved, both in magnitude and sense, in the mapping. 


Jacobian of a Transformation 


8.5. Let w = f(z) = u + iv be analytic in a region R. Prove that 
a(u, v) 
a(x, y) 


= |f'@)? 


Solution 


If f(z) is analytic in R, then the Cauchy—Riemann equations 
du ov dv ou 


ox dy ox oy 
are satisfied in R. Hence 
du ou du ou 
atu, v) }ax dy} | ax dy} _ au? , (au 
a(x, yy) | dv avi du du| \dx ay 
ax oy dy ox 
ou ul? ee 
ae Oy = lf Rl 


using Problem 3.5. 


8.6. Find the Jacobian of the transformation in (a) Problem 8.1(c), (b) Problem 8.2, and interpret 
geometrically. 


Solution 


(a) Given w = f(z) = V2e™/4z + (1 — 2i). Then, by Problem 8.5, the Jacobian is 


He 2) _ POP = |v2em4/? =2 
ax») 


Geometrically, this shows that any region in the z plane [in particular, rectangular region R of 
Fig. 8-65, page 257] is mapped into a region of twice the area. The factor | f’(z)|* = 2 is called the 
magnification factor. 
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Another Method. The transformation is equivalent to u = x — y, v= x+y and so 


due ou 
au, v) jax ay} |1 -1 
a(x, y) | Ov dv | 

ax oy 


(b) Given w = f(z) = 2’. Then 


au, v) 
a(x, y) 


If’ @l = [2z|? = |2x + 2iy!? = 4@? +9’) 


Geometrically, a small region in the z plane having area A and at approximate distance r from the 
origin would be mapped into a region of the w plane having area 4r7A. Thus regions far from the 
origin would be mapped into regions of greater area than similar regions near the origin. 

Note that, at the critical point z= 0, the Jacobian is zero. At this point, the transformation is not 
conformal. 


acu, v) ax, y) _ 
Ax, y) Au, v) 


8.7. Prove that 


Solution 


Corresponding to the transformation 


u = u(x, y), v= v(%, y) (1) 


with Jacobian o(u, v)/d(x, y), we have the inverse transformation 


X=xX(UU, v), y= yu, v) (2) 
with Jacobian o(x, y)/o(u, v). From (1), 
a 
Fee iad PE OAM Fe PROEEE 
ox oy ox oy 
From (2), 
pos oe, ee es 
a ag Ba oe 
Hence, 
du { ox ax du | oy oy du ox du dy du dx du dy 
du = du+—dv; 4 du 4 dvi = t t t d 
" ae av | =z oT ap | fe dy ufo" \axdv' dyavf~” 
from which 
du dx | Oudy _ I dudx | dudy _ (3) 
axdu dydu =~ Ax AV. By DV 
Similarly, we find 
dv Ox aud 4 dv Ox Ov Oy (4) 


axdv dydv sax Ou OyOu 
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Using (3) and (4) and the rule for products of determinants (see Problem 8.94), we have 


8.8. Discuss Problem 8.7 if u and v are real and imaginary parts of an analytic function f(z). 


Solution 


du OU) | ax ax 
au, v) acy) [ax ay] lau do 
dG, y) Ou, v) | a av] | ay ay 
ax dy du dv 
dudx dudy dudx dudy 
_ | dxdu dydu dxdv dy dv = A 
~ |dvax dvdy advdx dvdy| |O 1] 
oxdu dydu odxdv_ dydv 


In this case d(u, v)/0(x, y) = | for by Problem 8.5. If the inverse to w = f(z) is z= g(w) assumed single- 
valued and analytic, then a(x, y)/d(u, v) = | g'(w)P. The result of Problem 8.7 is a consequence of the fact that 


LP OPle 2 = 2 
iz 


since dw/dz = 1/(dz/dw). 


Bilinear or Fractional Transformations 


2 


dw 


dz|* 


8.9. Find a bilinear transformation that maps points z;, Z2, z3 of the z plane into points w1, w2, w3 of the 
w plane, respectively. 


Solution 


If wz corresponds to z, k = 1, 2, 3, we have 


Then 


az+ B 


AZ 71 


+B (ad — By\(z— x) 


W-Wwe= 
Kk Ee 


V2k 7 


_ (ad — By)Z— 21) 


LS (yz + dye + 4) 


(ad — By)(z — z3) 


WI 


Replacing w by wg, and z by z2, 


~ (yz + S(yz1 + 8)’ 


_ (a6 — By) — 21) 


W3 


(42 + 8)(yz3 + 8) 


(ad — By)(z2 — 23) 


Ww2 


Oe + Oy + 8)’ 


By division of (1) and (2), assuming a6 — By 4 0, 


(yZ2 + 8)(yz3 + 4) 


(w — wi)(w2 — w3) (2 — Z1)(Z2 — 23) 


(w—w3)\(w2—wi) (z= 23)(Z2 — 21) 


() 


(2) 


(3) 


Solving for w in terms of z gives the required transformation. The right hand side of (3) is called the cross ratio 


of z1, Z2, 23, and z. 


8.10. Find a bilinear transformation that maps points z = 0 


8.11. 
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Solution 


Method 1. Since w = (az + B)/(yz + 6), we have 


_ a0) + B 
~ (0) + 5 
a +B 
W- y(—i) + 6 
a(—1)+B 
VS See 


From (3), 8 = a. From (1), 6 = B/i = —ia. From (2), y = ia. Then 


azta 1/z+l1 (zt 
w= = =-iI 
iaz—ia i\z-1 z—1 


Method 2. Use Problem 8.9. Then 


(w—H)1—0) _ (¢—0)(-i+ 1) 
(w—0)1—i) (¢+ 1L(-i-0) 


Solving, 


Let z be in the upper half of the z plane. Show that the 
bilinear transformation w = e!{(z — z9)/(z — Zo)} maps 
the upper half of the z plane into the interior of the unit 
circle in the w plane, i.e., |w| < 1. 

Solution 


We have 


Z— £0 


, —i, —1 into w =i, 1, 0, respectively. 


() 


(2) 


(3) 


Z— Zo 


From Fig. 8-73, if z is in the upper half plane, 
|z— z0| < |z—Zol, the equality holding if and only if z is on 
the x axis. Hence, |w| < 1, as required. 

The transformation can also be derived directly (see Problem 
8.61). 


Fig. 8-73 
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8.12. 


8.13. 


8.14. 


8.15. 


Find a bilinear transformation that maps the upper half of the z plane into the unit circle in the w 
plane in such a way that z= 7 is mapped into w = 0 while the point at infinity is mapped into 
w=-l. 
Solution 


We have w = 0 corresponding to z = i, and w = —1 corresponding to z = ©. Then, from w = e'™{(z — z)/ 
(z—Zo)}, we have 0= el ((j — z0)/Gi— Z)} so that z=i. Corresponding to z=, we have 
w = e'% = —1. Hence, the required transformation is 


zZ-i i-—Z 
=(-1 = 
We (3) i+z 


The situation is described graphically in Figs. 8-74 and 8-75. 


z plane w plane 
Dv 
v D 
Pei 
E' 
u 
A’ Cc’ 


Fig. 8-74 Fig. 8-75 


Find the fixed or invariant points of the transformation w = (2z — 5)/(z+ 4). 


Solution 

The fixed points are solutions to z = (2z — 5)/(z + 4) or 2+2z2+5=0, ie. z= —142i. 

Prove that the bilinear transformation can be considered as a combination of the transformations of 
translation, rotation, stretching, and inversion. 

Solution 

By division, 


a+B_a, By~ad_,, 
yt y Wyzetd8 | z+v 


w= 


where A = a/y, w = (By — ad)/y and v = 5/yare constants. The transformation is equivalent to = z+ v, 
T= 1/¢ and w= A+ pt, which are combinations of the transformations of translation, rotation, stretching, 
and inversion. 


Prove that the bilinear transformation transforms circles of the z plane into circles of the w plane 
where, by circles, we include circles of infinite radius, which are straight lines. 


Solution 


The general equation of a circle in the z plane is, by Problem 1.44, Azz + Bz + BZ + C = 0 where A > 0,C > 0 
and B is complex. If A = 0, the circle reduces to a straight line. 
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Under the transformation of inversion, w= 1/z or z=1/w, we have that this equation becomes 
Cww + Bw + Bw+ A =0, acircle in the w plane. 

Under the transformation of rotation and stretching, w=az or z=w/a, this equation becomes 
Aww + (Ba)w + (Ba)w + Caa = 0, also a circle. 

Similarly, we can show either analytically or geometrically that under the transformation of translation, 
circles are transformed into circles. 

Since, by Problem 8.14, a bilinear transformation can be considered as a combination of translation, 
rotation, stretching, and inversion, the required result follows. 


Special Mapping Functions 
8.16. Verify the entries (a) A-2, page 248, (b) A-4, page 249, (c) B-1, page 253. 


Solution 


(a) Refer to Figs. 8-13 and 8-14, page 248. 
If z=x+iy, then 
wo=utiwv= ema = emtiy)/a = ema 


(cos 77y/a + isin my/a) 


mx/a ™x/a 


or u=e™/“cosmy/a, v=e sin 7y/a. 

The line y = 0 [the real axis in the z plane; DEF in Fig. 8-13] maps into u = e”’“, v = 0 [the positive 
real axis in the w plane; D’E’F’ in Fig. 8-14]. The origin E [z=0] maps into E’ [w= 1] while 
D [x = —©, y = 0] and F [x = +0, y = 0] map into D’ [w = 0] and F’ [w = o], respectively. 

The line y = a [ABC in Fig. 8-13] maps into u = —e™*/“, v = 0 [the negative real axis in the w plane; 
A'B'C' in Fig. 8-14]. The points A [x = +00, y = a] and C [x = —o, y = a] map into A’ [w = —oo] and 
C’ [w = O], respectively. 

Any point for which 0 < y < a, —oo < x < oo maps uniquely into one point in the wv plane for which 
v>0. 

(b) Refer to Figs. 8-21 and 8-22, page 249. 

If z= re’, then 


mx/a 


and 


Semicircle BCD [r = 1, 0 < 6 < 7] maps into line segment B’C’D’ [u = acos 6, v=0,0< 0<7, 
Le., -a<u<al. 

The line DE [6 = 0, r > 1] maps into line D'E” [u = (a/2){r + (1/n}, v = OJ; line AB [6 = 7, r > 1] 
maps into line A’B’ [u = —(a/2){r + (1/r)}, v = O]. 

Any point of the z plane for which r > 1 and 0 < @ < amaps uniquely into one point of the uv plane 
for which v > 0. 

(c) Refer to Figs. 8-43 and 8-44, page 253. 

If z=re'® and w= pe’®, then w = 1/z becomes pe’? = 1/re’® = (1/rne~ from which p= 1/r, 
o=—-6. 

The circle ABCD [r = 1] in the z plane maps into the circle A’B’C’D’ [p = 1] of the w plane. Note that 
if ABCD is described counterclockwise, A’B’C’D’' is described clockwise. 

Any point interior to the circle ABCD [r < 1] is mapped uniquely into a point exterior to the circle 
A'B'C'D' [p> 1). 
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The Schwarz-Christoffel Transformation 


8.17. 


8.18. 


Establish the validity of the Schwarz—Christoffel transformation. 


Solution 


We must show that the mapping function obtained from 


dw 


= AQ Hy) IT. (@ — tg (1) 
dz 
maps the real axis of the z plane onto a given polygon of the w plane [Figs. 8-76 and 8-77]. 
To show this, observe that from (1) we have 
Qa a2 
arg dw =argdz+argA4 ( 1) arg(z — x1) + (= - 1) are(z— x2) +--- 
” 7 (2) 


+ (= Fa 1) arg(z = Xn) 
7 


As z moves along the real axis from the left toward x, let us assume that w moves along a side of the polygon 
toward w;. When z crosses from the left of x; to the right of x;, 6; = arg(z — x,) changes from 7 to 0 while all 
other terms in (2) stay constant. Hence arg dw decreases by (a) /a7— 1) arg(z — x1) = (a1 /7—-— l)7w= a, — 7 
or, what is the same thing, increases by 7 — a, [an increase being in the counterclockwise direction]. 


w plane z plane 
) ay 
ws 
ae 
a gts 
aid 
eee 
eae mal 
ee NO 7 4, x 
xy Xo X3 X4 
u 
Fig. 8-76 Fig. 8-77 


It follows from this that the direction through w, turns through the angle 7 — a, and thus w now moves 
along the side w,w2 of the polygon. 

When z moves through x2, 6; = arg(z — x,) and 6) = arg(z — x2) change from 7 to 0 while all other terms 
stay constant. Hence, another turn through angle 7 — ap in the w plane is made. By continuing the process, we 
see that as z traverses the x axis, w traverses the polygon, and conversely. 

We can actually prove that the upper half plane is mapped onto the interior of the polygon (if it is closed) 
by (1) [see Problem 8.26]. 


Prove that for closed polygons, the sum of the exponents (a, /77) — 1, (a2/m) — 1, ..., (@,/m) — 1 


in the Schwarz—Christoffel transformation (8.9) or (8.10), page 247, is equal to —2. 


Solution 


The sum of the exterior angles of any closed polygon is 277. Then 


(m7 — a) + (7 — a2) (7 — a) = 27 


and dividing by —7, we obtain as required, 


ge Edie eae 


8.19. 


8.20. 
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Suppose in the Schwarz—Christoffel transformation (8.9) or (8.10), page 247, one point, say xX, is 
chosen at infinity. Show that the last factor is not present. 


Solution 


In (8.9), page 247, let A = K/ (—x,)%/7—! where K is a constant. Then, the right side of (9) can be written 


a, /7—1 
K(z- x) "(z = x )2/t! se(Z— Xn rat (=) 
Xn 


AS xX, — ©, this last factor approaches 1; this is equivalent to removal of the factor. 


Determine a function that maps the upper half of the z plane onto each of the indicated regions in the 
w plane. 


Solution 
(a) 


w plane z plane 


Fig. 8-78 Fig. 8-79 


Let points P, Q, S, and T [Fig. 8-79] map, respectively, into P’, Q’, S’, and T’ [Fig. 8-78]. We can consider 
P’Q'S'T’ as a limiting case of a polygon (a triangle) with two vertices at Q’ and S’ and the third vertex P’ or 
T’ at infinity. 

By the Schwarz—Christoffel transformation, since the angles at Q’ and S’ are equal to 7/2, we have 


dw A K 
OW = Ale + IDA (g — qy/D/mI-1 
dz : V2-1 V1-2 


Integrating, 


w x| ay ae eas 
V1-2 
When z = 1, w = b. Hence 
b=Ksin '(1)+B=Kz/2+B (1) 
When z = —1, w = —D. Hence, 
—b = Ksin '\(-1)+B=-—Ka/2+B (2) 


Solving (1) and (2) simultaneously, we find B = 0, K = 2b/7. Then 


ae 
w=—-—sin Z 
7 


The result is equivalent to entry A-3(a) on page 248 if we interchange w and z, and let b= a/2. 
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(b) 


w plane z plane 


Fig. 3-80 Fig. 8-81 


Let points P, O, Q [z = 1] and S map into P’, O’, Q’ [w = bi] and S’, respectively. Note that P, S, P’, S’ are 
at infinity (as indicated by the arrows) while O and O’ are the origins [z = 0] and [w = 0] of the z and w planes. 
Since the interior angles at O’ and Q’ are 7r/2 and 37/2, respectively, we have by the Schwarz—Christoffel 


transformation, 
dw z bs z—1 1- 
a A(z — OF T-N(g — yGa/2/7I-1 — A | nigeties 
& z z 
_ 
w=K | 4 ax 
z 


Then 


To integrate this, let z = sin? @ and obtain 


1 
w= 2K [ecos? aa0= x | (1 + c0s20.d0= K( 0+ 5 sin20) +B 


= K(6+ sin 6cos 6) + B= K(sin“' z+ V2 — D) +B 


When z = 0, w = 00 that B = 0. When z = 1, w = Diso that bi = Ka/2 or K = 2bi/7. Then the required 
transformation is 


w= = (sin! Vz + /z21— 2) 


8.21. Find a transformation that maps the unit circle in the ¢ plane onto a polygon in the w plane. 


Solution 
The x axis in the z plane can be mapped onto a polygon of the w plane by the Schwarz—Christoffel transform- 
ation 


w=A | (z= xy)" xg (2 = xn)" de + B (1) 


and the upper half of the z plane maps onto the interior of the polygon. 
A transformation that maps the upper half of the z plane onto the unit circle in the ¢ plane is 


i-—Z 
aX 2 

i+z (2) 
on replacing w by ¢ and taking 6 = z, z = i in equation (8.8), page 246. Hence, z = i{(1 — 4/(1 + Y} maps 
the unit circle in the Z plane onto the upper half of the z plane. 
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If we let x1, x2,...,X, map into ¢,, %,...,¢,, respectively, on the unit circle, then we have for 


| oe eee (3 
= (59) -(} 58) = ee 
Za X Hl 1 = 
1+¢. +7 A+ d+ &) 


Also, dz = —2idé/(1 + 0°. Substituting into (1) and simplifying using the fact that the sum of the exponents 
(a, /7) — 1, (2/7) —1,...,(Q,/7) — 1 is —2, we find the required transformation 


waa’ | C= Ly Ly GNI E+ B 


where A’ is a new arbitrary constant. 


Transformations of Boundaries in Parametric Form 


8.22. 


8.23. 


Let C be a curve in the z plane with parametric equations x = F(t), y = G(t). Show that the trans- 
formation 


z= F(w) + iG(w) 
maps the real axis of the w plane onto C. 


Solution 


Suppose z= x + iy, w = u-+ iv. Then the transformation can be written 


x+ iy = F(u+ iv) + iG(u + iv) 


Then v = 0 [the real axis of the w plane] corresponds to x + iy = F(u) + iG(u), i.e., x = F(u), y = G(u), which 
represents the curve C. 


Find a transformation that maps the real axis in the w plane onto the ellipse (x”/a”) + (y*/b”) = Lin 
the z plane. 


Solution 


A set of parametric equations for the ellipse is given by x = acost, y = bsint where a > 0, b > 0. Then, by 
Problem 8.22, the required transformation is z = acosw + ibsinw. 


Miscellaneous Problems 


8.24. 


Find a function that maps the upper half of the z plane onto the interior of a triangle in the w plane 
[Fig. 8-82]. 


Solution 


Consider the upper half of the z plane shaded in Fig 8-83. Let P[z = 0] and Q[z = 1] of the x axis map into 
P' [w = 0] and Q’ [w = 1] of the triangle, while the third point R [z = ©] maps into R’. 


w plane z plane 
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By the Schwarz—Christoffel transformation, 


d 
~ = Ag/T1(z — 18/71 = Kye/T-1] — 28/71 
Z 


Then, by integration, 
w= Plas — Of" dc +B 
0 


Since w = 0 when z = 0, we have B = 0. Also, since w = 1 when z = 1, we have 


1 


= a T(a/mI(B/7) 
- a/ml Blt gp — 
LK | cur g — pF a= (: a 

‘ i ene 


using properties of the beta and gamma functions [see Chapter 10]. Hence 


lew 


*=T(a/ml(B/) 


ee) 


"= Falanem h 


and the required transformation is 


Layee de 


Note that this agrees with entry A-13 on page 252, since the length of side A’B’ in Fig. 8-39 is 


1 


[enna ~ ofl d¢= T(a/m(B/7) 
(* + *) 
0 ere 
T 
8.25. (a) Find a function which maps the upper half of the z plane of Fig. 8-85 onto the shaded region in 
the w plane of Fig. 8-84. 


(b) Discuss the case where b > 0. 


z plane 


Fig. 384 Fig. 8-85 


Solution 


(a) The interior angles at Q and T are each 77 — a, while the angle at S in 277 — (7 — 2a) = 77+ 2a. Then, by 
the Schwarz—Christoffel transformation, we have 


dw A 20/7 K: 2a/7 
7a = A(z 1) O/ TH lor420)/T=1 0, yma) 1 z = < 


> (2 = 1/7 aa ‘al _ yum 
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Hence, by integration 


When z = 0, w = ai; then B = ai and 


Colt j , 
wok |e oe 


The value of K can be expressed in terms of the gamma function using the fact that w = b when z = 1 
[Problem 8.102]. We find 


(b —ai)/7 


reer 


(b) Asb— 0, a — 7z/2 and the result in (a) reduces to 


(2) 


w plane 


[ ¢d 
w = ai ai £0 = aiy/l P=av7e—1 ai| S’ 
gvi-é 

In this case, Fig. 8-84 reduces to Fig. 8-86. The result 
for this case can be found directly from the 
Schwarz—Christoffel transformation by considering 
P’Q’S'T'U' as a polygon with interior angles at Q’, 
S’, and T’ equal to 7/2, 27, and 7/2, respectively. 


8.26. Prove that the Schwarz—Christoffel transformation of Problem 8.17 maps the upper half plane onto 
the interior of the polygon. 


Solution 


It suffices to prove that the transformation maps the unit circle onto the interior of the polygon, since we already 
know [Problem 8.11] that the upper half plane can be mapped onto the unit circle. 

Suppose that the function mapping the unit circle C in the z plane onto polygon P in the w plane is given by 
w = f(z) where f(z) is analytic inside C. 

We must now show that to each point a inside P, there corresponds one and only one point, say zo, such that 
fo) = 4. 


Now, by Cauchy’s integral formula, since a is inside P, 


1 | dw 1 
Wijlw—a_ 


P 


Then, since w — a = f(z) —a, 


1 / 
| f'@) ped 
2mi J f(a-—a 

C 
But f(z) — ais analytic inside C. Hence, from Problem 5.17, we have shown that there is only one zero (say Zo) 
of f(z) — a inside C, i.e., f(z) = a, as required. 
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8.27. Let C be a circle in the z plane having its center on the real axis, and suppose further that it passes 
through z = | and has z = —1 as an interior point. [See Fig. 8-87.] Determine the image of C in the 
w plane under the transformation w = f(z) = $(z + 1/2). 


Solution 


We have dw/dz = $(1 — 1/2"). Since dw/dz = 0 at z= 1, it follows that z = 1 is a critical point. From the 
Taylor series of f(z) = 5(z + 1/z) about z = 1, we have 


w-l=3[(z—l?-(@-)P+@-—D*-- +] 


By Problem 8.100, we see that angles with vertices at z = 1 are doubled under the transformation. In particular, 
since the angle at z = 1 exterior to C is 7, the angle at w = 1 exterior to the image C’ is 277. Hence, C’ has a 
sharp tail at w = 1 (see Fig. 8-88). Other points of C’ can be found directly. 


z plane w plane 
y Vv 
Cc 
Cc 
P P' 
x u 
1 1 
Fig. 8-87 Fig. 8-88 
It is of interest to note that in this case, C encloses the circle |z| = 1, which under the transformation is 
mapped into the slit from w = —1 to w = 1. Thus, as C approaches |z| = 1, C’ approaches the straight line 
joinng w=—ltow=1. 


8.28. Suppose the circle C of Problem 8.27 is moved so that its center is in the upper half plane but that it 
still passes through z = | and encloses z = —1. Determine the image of C under the transformation 
w=4(z+1/z). 


Solution 


As in Problem 8.27, since z = 1 is a critical point, we will obtain the sharp tail at w = 1 [Fig. 8-90]. If C does 
not entirely enclose the circle |z| = 1 [as shown in Fig. 8-89], the image C’ will not entirely enclose the image 
of |z| = 1 [which is the slit from w = —1 to w = 1]. Instead, C’ will only enclose that portion of the slit which 
corresponds to the part of |z| = 1 inside C. The appearance of C’ is therefore as shown in Fig. 8-90. By chan- 
ging C appropriately, other shapes similar to C’ can be obtained. 


z plane w plane 
y Vv 


a 


Fig. 8-89 Fig. 8-90 


The fact that C’ resembles the cross-section of the wing of an airplane, sometimes called an airfoil, is 
important in aerodynamic theory (see Chapter 9) and was first used by Joukowski. For this reason, shapes 
such as C’ are called Joukowski airfoils or profiles and w = 5(z + 1/z) is called a Joukowski transformation. 
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SUPPLEMENTARY PROBLEMS 


Transformations 


8.29. 


8.30. 


8.31. 


8.32. 


8.33. 


8.34. 


8.35. 


8.36. 


8.37. 


Given triangle T in the z plane with vertices at i, 1 — i, 1 +i, determine the triangle J’ into which T is mapped 
under the transformations (a) w = 3z+4-—2i, (b) w=iz+2—i, (c) w=5e™3z—2+44i. What is the 
relationship between J and 7’ in each case? 


Sketch the region of the w plane into which the interior of triangle TJ of Problem 8.29 is mapped under the trans- 
formations (a)w=2, (b)w=i2+(2-i)z, ()w=zt+1/z. 


(a) Show that by means of the transformation w = 1/z, the circle C given by |z — 3| = 5 is mapped into the 
circle |w + 3/16| = 5/16. (b) Into what region is the interior of C mapped? 


(a) Prove that under the transformation w = (z — i)/(iz — 1), the region Im{z} > 0 is mapped into the region 
|w| < 1. (b) Into what region is Im{z} < 0 mapped under the transformation? 


(a) Show that the transformation w = 5(ze~* + z7!e%) where a is real, maps the interior of the circle |z| = 1 
onto the exterior of an ellipse [see entry B-2 on page 253]. 


(b) Find the lengths of the major and minor axes of the ellipse in (a) and construct the ellipse. 


Determine the equation of the curve in the w plane into which the straight line x + y = 1 is mapped under the 
transformations (a)w= 2, (b) w= 1/z. 


Show that w = {(1 +z)/(1 — 2)}°/° maps the unit circle onto a wedge-shaped region and illustrate graphically. 


(a) Show that the transformation w = 2z — 3iz + 5 — 4i is equivalent to u = 2x + 3y +5, v = 2y —3x—4. 


(b) Determine the triangle in the wv plane into which triangle TJ of Problem 8.29 is mapped under the transform- 
ation in (a). Are the triangles similar? 


Express the transformations (a) u = 4x” — 8y, v = 8x—4y* and (b) u= x? — 3xy’, v = 3x°y — yy? in the 
form w = F(z, Z). 


Conformal Transformations 


8.38. 


8.39. 
8.40. 


8.41. 


8.42. 
8.43. 


8.44. 


The straight lines y = 2x, x + y = 6 in the xy plane are mapped onto the w plane by means of the transformation 
w = 2’. (a) Show graphically the images of the straight lines in the w plane. 

(b) Show analytically that the angle of intersection of the straight lines is the same as the angle of intersection of 
their images and explain why this is so. 


Work Problem 8.38 if the transformation is (a)w=1/z, (b) w= {(z—1)/(z+ D}. 


The interior of the square S with vertices at 1, 2, 1 + i, 2+ iis mapped into a region S’ by means of the trans- 
formations (a)w=2z+5-—3i, (b)w= 2, (c) w=sin 7z. In each case, sketch the regions and verify 
directly that the interior angles of S’ are right angles. 


(a) Sketch the images of the circle (x — 3)? + y? =2 and the line 2x + 3y =7 under the transformation 
w=1/z. (b) Determine whether the images of the circle and line of (a) intersect at the same angles as the 
circle and line. Explain. 


Work Problem 8.41 for the case of the circle (x — 3)? + y? = 5 and the line 2x + 3y = 14. 
(a) Work Problem 8.38 if the transformation is w = 3z — 2iz. 
(b) Is your answer to part (b) the same? Explain. 


Prove that a necessary and sufficient condition for the transformation w = F(z, Z) to be conformal in a region 
is that OF /dz = 0 and oF’ /dz40 in FR and explain the significance of this. 
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Jacobians 


8.45. 


8.46. 


8.47. 


8.48. 


8.49. 


8.50. 


8.51. 


8.52. 


(a) For each part of Problem 8.29, determine the ratio of the areas J and T’. 
(b) Compare your findings in part (a) with the magnification factor |dw/dz|? and explain the significance. 


Find the Jacobian of the transformations (a) w = 2z* — iz +3 —i, (b) u=x* —xy+y’, v =x? +xy4+y’. 


Prove that a polygon in the z plane is mapped into a similar polygon in the w plane by means of the transform- 
ation w = F(z) if and only if F’(z) is a constant different from zero. 


The analytic function F(z) maps the interior R of a circle C defined by |z| = 1 into a region R’ bounded by a 
simple closed curve C’. Prove that (a) the length of C’ is $,.|F’(z)||dzl, (b) the area of R’ is ff |F'(2)|? dx dy. 


Prove the result (8.2) on page 242. 


Find the ratio of areas of the triangles in Problem 8.36(b) and compare with the magnification factor as obtained 
from the Jacobian. 

atu, v) u,v) od, y) 

Em) a, y) Em) 


(b) Interpret the result of (a) geometrically. (c) Generalize the result in (a). 


Let u =u, y), v= 0G, y), and x = x(n), y= (Em). (a) Prove that 


Show that if w=u+iv=F(z), z=x+tiy=G(¢) and €=€&+ iy, the result in Problem 8.51(a) is 
equivalent to the relation 


dw 
dz 


dz 


dw| _ 
fal = lalla 


Ta ag 


Bilinear or Fractional Transformations 


8.53. 


8.54. 


8.55. 


8.56. 


8.57. 


8.58. 


Find a bilinear transformation that maps the points i, —i, 1 of the z plane into 0, 1, oo of the w plane, 
respectively. 


(a) Find a bilinear transformation that maps the vertices 1 + i, —i, 2 — i ofa triangle T of the z plane into the 
points 0, 1, i of the w plane. 


(b) Sketch the region into which the interior of triangle J is mapped under the transformation obtained in (a). 


Prove that the folowing is also a bilinear transformation: 
(a) two successive bilinear transformations, (b) any number of successive bilinear transformations. 


Suppose a ¥ b are the two fixed points of a bilinear transformation. Show that it can be written in the form 
w-—a Z—a 

=K 
w—b (: - *) 


Suppose a = b in Problem 8.56. Show that the transformation can be written in the form 


where K is a constant. 


where k is a constant 


Prove that the most general bilinear transformation that maps |z| = 1 onto |w| = 1 is 


iof <—P 
w=e"|— 
a 


where p is a constant. 
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. Show that the transformation of Problem 8.58 maps |z| <1 onto (a) |w| < 1 if |p| < 1 and 


(b) |w| > 1 if |p| > 1. 

Discuss Problem 8.58 if |p| = 1. 

Work Problem 8.11 directly. 

(a) Suppose z, Zo, 23, Z4 are any four different points of a circle. Prove that the cross ratio is real. 


(b) Is the converse of part (a) true? 


The Schwarz - Christoffel Transformation 


8.63. 


Use the Schwarz—Christoffel transformation to determine a function that maps each of the indicated regions in 
the z plane onto the upper half of the w plane. 


(a) 
z plane w plane 
Fig. 8-91 Fig. 8-92 
(b) 
z plane w plane 


Fig. 8-93 Fig. 8-94 


(c) 


z plane w plane 


Fig. 8:95 Fig. 8-96 
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(d) 


z plane w plane 


Fig. 8-97 Fig. 8-98 


8.64. Verify entry A-14 on page 253 by using the Schwarz—Christoffel transformation. 


8.65. Find a function that maps the infinite shaded region of Fig. 8-99 onto the upper half of the z plane 
[Fig. 8-100] so that P, Q, R map into P’, Q’, R’, respectively [where P, R, P’, R’ are at infinity as indicated 
by the arrows]. 


w plane z plane 


Fig. 8-99 Fig. 8-100 


8.66. Verify entry A-12 on page 252 by using the Schwarz—Christoffel transformation. 


8.67. Find a function that maps each of the indicated shaded regions in the w plane onto the upper half of the 
z plane. 


(a) 


w plane z plane 


Fig. 8-101 Fig. 8-102 


8.68. 
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(b) 


w plane z plane 


Fig. 8-103 Fig. 8104 


(a) Verify entry A-11 of the table on page 252 by using the Schwarz—Christoffel transformation. 


(b) Use the result of (a) together with entry A-2 on page 248 to arrive at the entry C-5 on page 256. 


Transformations of Boundaries in Parametric Form 


8.69. 


8.70. 


8.71. 


8.72. 


8.73. 


(a) Find a transformation that maps the parabola y* = 4p(p — x) into a straight line. 
(b) Discuss the relationship of your answer to entry A-9 on page 251. 


Find a transformation that maps the hyperbola x = acosht, y = asinht into a straight line. 


Find a transformation that maps the cycloid x = a(t — sint), y = a(1 — cos?) into a straight line. 

(a) Find a transformation that maps the hypocycloid x?/? + y?/> = a?/? into a straight line. 

(b) Into what region is the interior of the hypocycloid mapped under the transformation? Justify your answer. 
[Hint. Parametric equations for the hypocycloid are x = acos? t, y= asin t, 0 <t < 27] 


Two sets of parametric equations for the parabola y = x* are (a) x =t, y=?" and (b) x= +e’, y = e”. Use 
these parametric equations to arrive at two possible transformations mapping the parabola into a straight line 
and determine whether there is any advantage in using one rather than the other. 


Miscellaneous Problems 


8.74. 


8.75. 


8.76. 


8.77. 


(a) Show that the transformation w = 1/z maps the circle |z — a| = a, where a > 0, into a straight line. Illus- 
trate graphically, showing the region into which the interior of the circle is mapped, as well as various points of 
the circle. 


(b) Show how the result in (a) can be used to derive the transformation for the upper half plane into the unit 
circle. 


Prove that the function w = (z*/a”) — 1 maps one loop of the lemniscate r? = 2a” cos 26 onto the unit circle. 


Prove that the function w = z? maps the circle |z — a| = a, a > 0, onto the cardioid p = 2a*(1 + cos @) [see 
entry C-2 on page 252]. 


Show that the Joukowsky transformation w = z+ k*/z can be written as 


w—2k  (z—k\* 
wt2k \z+k 
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8.78. 


8.79. 


8.80. 
8.81. 
8.82. 


8.83. 
8.84. 


8.85. 


8.86. 


8.87. 


8.88. 


(a) Let w = F(z) be a bilinear transformation. Show that the most general linear transformation for which 
F{F(z)} = z is given by the following where k* = 1: 
SE pe 
w-—q zZ—4q 
(b) What is the result in (a) if F{F[LF(z)]} = z? 
(c) Generalize the results in (a) and (b). 


(a) Determine a transformation that rotates the ellipse x” + xy + y* =5 so that the major and minor axes are 
parallel to the coordinate axes. (b) What are the lengths of the major and minor axes? 


Find a bilinear transformation that maps the circle |z — 1| = 2 onto the line x+ y= 1. 
Verify the transformations (a) A-6, (b) A-7, (c) A-8, on pages 250 and 251. 


Consider the stereographic projection of the complex plane onto a unit sphere tangent to it [see page X]. Let an 
XYZ rectangular coordinate system be constructed so that the Z axis coincides with NS while the X and Y axes 
coincide with the x and y axes of Fig. 1-6, page X. Prove that the point (X, Y, Z) of the sphere corresponding to 
(x, y) on the plane is such that 


x y vr +y? 
xX = ~—.—_., y= —_ —., a 
e+y+i e+yti ve py+i 


Prove that a mapping by means of stereographic projection is conformal. 


(a) Prove that by means of a stereographic projection, arc lengths of the sphere are magnified in the ratio 
Qe +y?+1):1. 


(b) Discuss what happens to regions in the vicinity of the north pole. What effect does this produce on naviga- 
tional charts? 


Let u = u(x, y), v = v(x, y) be a transformation of points of the xy plane onto points of the wv plane. 


(a) Show that in order that the transformation preserve angles, it is necessary and sufficient that 


au)” | (av\*_ au)” (av\” udu, adv _ 
ax) ° \ax) dy dy) > ax dy " Ox dy 
(b) Deduce from (a) that we must have either 
du ov ou dv ou ov ou dv 


dx ay’ dy ax iS qa) dx Oy’ yx 


(i) 
Thus, conclude that u + iv must be an analytic function of x + iy. 
Find the area of the ellipse ax” + bxy + cy* = 1 where a > 0, c > 0, and b? < 4ac. 


A transformation w = f(z) of points in a plane is called involutory if z = f(w). In this case, a single repetition of 
the transformation restores each point to its original position. Find conditions on a, B, y, 6 in order that the 
bilinear transformation w = (az + B)/(yz+ 4) be involutory. 


Show that the transformations (a) w=(z+1)/(z—1), (b) w= Incoth(z/2) are involutory. 


8.89. 


8.90. 
8.91. 


8.92. 


8.93. 


8.94. 


8.95. 


8.96. 


8.97. 


8.98. 
8.99. 


8.100. 


8.101. 
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Find a bilinear transformation that maps |z| < 1 onto |w — 1| < 1 so that the points 1, —i correspond to 2, 0, 
respectively. 


Discuss the significance of the vanishing of the Jacobian for a bilinear transformation. 


Prove that the bilinear transformation w= (az+ B)/(yz+ 6) has one fixed point if and only if 
(8+ a) = 4(ad— By) # 0. 


(a) Show that the transformation w = (az + ¥)/(yz-+ &) where |a|? — |y|? = 1 transforms the unit circle and 
its interior into itself. 


(b) Show that if lyI? — |a|* = 1, the interior is mapped into the exterior. 


Suppose under the transformation w = F(z, Z) any intersecting curves C; and C) in the z plane map, respect- 
ively, into corresponding intersecting curves C and C’ in the w plane. Prove that if the transformation is con- 
formal, then (a) F(z, Z) is a function of z alone, say f(z), and (b) f(z) is analytic. 


(a) Prove the multiplication rule for determinants [see Problem 8.7]: 


aja. + bic. ayb2 + bidy 
Cia + C1C2  Cyby + d\dy 


an by 
Cc. dy 


ay by 
cq dy 


(b) Show how to generalize the result in (a) to third order and higher order determinants. 


Find a function that maps onto each other the shaded regions of Figs. 8-105 and 8-106, where QS has length b. 


w plane z plane 
v Dy 


Fig. 8-105 Fig. 8-106 


(a) Show that the function w = ‘le dt/(1 — t®)'/3 maps a regular hexagon into the unit circle. 


(b) What is the length of a side of the hexagon in (a)? 


Show that the transformation w = (Az? + Bz + C)/(Dz* + Ez + F) can be considered as a combination of two 
bilinear transformations separated by a transformation of the type r= 2. 


Find a function that maps a regular polygon of n sides into the unit circle. 


Verify the entries: (a) A-9, page 251; (b) A-10, page 251; (c) B-3, page 254; (d) B-4, page 254; 
(e) C-3, page 255; (f) C-4, page 255. 


Suppose the mapping function w = f(z) has the Taylor series expansion 


(n) 
(ef ege yp 


n! 


w=fO=f@+f@z-a+-- 


Suppose f(a) = 0 fork = 0, 1,...,2 — 1 while f(a) 4 0. Show that the angles in the z plane with vertices at 
Z =a are multiplied by n in the w plane. 


Determine a function that maps the infinite strip — 7/4 < x < 7/4 onto the interior of the unit circle |w| < 1 so 
that z = 0 corresponds to w = 0. 
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8.102. Verify the value of K obtained in equation (2) of Problem 8.25. 


8.103. Find a function that maps the upper half plane onto the interior of a triangle with vertices at w = 0, 1, i 


corresponding to z = 0, 1, ©, respectively. 


ANSWERS TO SUPPLEMENTARY PROBLEMS 


8.33. (b) 2cosh a and 2 sinh a, respectively 
8.34. (a) uv? +2v = 1, (b) w+ 2uv+ 20? =ut+v 


8.37. (dQw=(14+i(24+27)4+ (2 —20zz + Biz, 
(b)w=2 


8.46. (a) |4z— il, (b) 407 + y”) 


8.53. w= (1—i(z—1/2(z— 1) 


8.54. (a) w = (2z— 2 — 21)/{Gi— Iz -— 3 — Si} 
8.62. Yes 


8.63. (a) w = 23, (b) w = cosh(72z/2), (c) w = e%, 
(d) w= 248 


8.65. 2=(w+a- mi)? 


8.70. z= a(coshw + sinh w) 
8.71. z=a(w+i- ie) 


8.72. (a) z= a(cos® w + isin’ w) 


8.78. (b) Same as (a) with e = 1 
8.86. 27/4ac — b? 

8.87. 5=-a 

8.96. (b) (1/6)</2T'(1/3) 

8.101. w=tanz 


cme eee 
8.103. was |! d—-?t) dt 


0 


8.69. (a) One possibility is z= p—pw?+2piw = p(1+iw) obtained by using the parametric equations 


x=p(l—?), y= 2pt 


CHAPTER 9 


Physical Applications of 
Conformal Mapping 


9.1 Boundary Value Problems 


Many problems of science and engineering when formulated mathematically lead to partial differential 
equations and associated conditions called boundary conditions. The problem of determining solutions 
to partial differential equations, which satisfy the boundary conditions, is called a boundary-value problem. 

It is of fundamental importance, from a mathematical as well as physical viewpoint, that one should not 
only be able to find such solutions (i.e., that solutions exist), but that for any given problem there should be 
only one solution (i.e., the solution is unique). 


9.2 Harmonic and Conjugate Functions 


A function satisfying Laplace’s equation 


rd OH 
2 carrer aa emengrets 
Vb =—5 + » 0 (9.1) 


in aregion F is called harmonic in R. As we have already seen, if f(z) = u(x, y) + iv(x, y) is analytic in R, 
then wu and v are harmonic in ?. 


EXAMPLE 9.1: Let f(z) = 42° — 3iz = 4(x + iy)? — 3i(x + iy) = 4x? — 4y? + 3y + i(8xy — 3x). Then 
u = 4x?— 4y* + 3y, v = 8xy — 3x. Since u and v satisfy Laplace’s equation, they are harmonic. 


The functions u and v are called conjugate functions; and given one, the other can be determined within 
an arbitrary additive constant [see Chapter 3]. 


9.3 Dirichlet and Neumann Problems 


Let 7? [Fig. 9-1] be a simply-connected region bounded by a simple closed curve C. Two types of boundary- 
value problems are of great importance. 


(1) Dirichlet’s problem seeks the determination of a function ® that satisfies Laplace’s equation 
(9.1) [1.e., is harmonic] in 7? and takes prescribed values on the boundary C. 
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(2) Neumann’s problem seeks the determination of a function ® that satisfies Laplace’s equation 
(9.1) in R and whose normal derivative d®/dn takes prescribed values on the boundary C. 


Fig. 9-4 


The region ® may be unbounded. For example, 7 can be the upper half plane with the x axis as the 
boundary C. 

It can be shown that solutions to both the Dirichlet and Neumann problems exist and are unique [the 
Neumann problem within an arbitrary additive constant] under very mild restrictions on the boundary con- 
ditions [see Problems 9.29 and 9.80]. 

It is of interest that a Neumann problem can be stated in terms of an appropriately stated Dirichlet 
problem (see Problem 9.79). Hence, if we can solve the Dirichlet problem, we can (at least theoretically) 
solve a corresponding Neumann problem. 


9.4 The Dirichlet Problem for the Unit Circle. Poisson’s Formula 


Let C be the unit circle |z| = 1 and R be its interior. A function that satisfies Laplace’s equation [i.e., 
is harmonic] at each point (r, 6) in R and takes on the prescribed value F(6) on C [i.e., (1, 6) = F(8)], 
is given by 


27 
1 | (1—r)F(b) do (9.2) 


PUEDES | T= orcas = b+r 
0 


This is called Poisson’s formula for a circle [see Chapter 5, page 146]. 


9.5 The Dirichlet Problem for the Half Plane 


A function that is harmonic in the half plane y > 0 [Im{z} > 0] and that takes on the prescribed value G(x) 
on the x axis [i.e., B(x, 0) = G(x), —00 < x < ov], is given by 


P(x, y) = 


| yG(ndn an 


aj y+a—n) 


—-Oo 


This is sometimes called Poisson’s formula for the half plane [see Chapter 5, page 146]. 
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9.6 Solutions to Dirichlet and Neumann Problems by Conformal Mapping 


The Dirichlet and Neumann problems can be solved for any simply-connected region 7, which can be 
mapped conformally by an analytic function onto the interior of a unit circle or half plane. [By Riemann’s 
mapping theorem, this can always be accomplished, at least in theory.] The basic ideas involved are as 
follows. 


(a) Use the mapping function to transform the boundary-value problem for the region R into a cor- 
responding one for the unit circle or half plane. 

(b) Solve the problem for the unit circle or half plane. 

(c) Use the solution in (b) to solve the given problem by employing the inverse mapping function. 


Important theorems used in this connection are as follows. 


THEOREM 9.1. — Let w = f(z) be analytic and one-to-one in a region R of the z plane. Then there exists a 
unique inverse z= g(w) in R, and f(z) £0 in FR [thus insuring that the mapping is 
conformal at each point of 7]. 


THEOREM 9.2. Let ®(x, y) be harmonic in 7? and suppose that R is mapped one-to-one onto R’ of the 
w plane by the mapping function w = f(z), where f(z) is analytic. Then f’(z) 4 0, 
x=x(u, v), y= yu, v), and P(x, y) = P[x(u, v), yu, v)] = Vu, v) is harmonic in 
R’. In other words, a harmonic function is transformed into a harmonic function under 
a transformation w = f(z), which is analytic [see Problem 9.4]. 


THEOREM 9.3. Suppose ® = a [a constant] on the boundary or part of the boundary C of a region in the z 


plane. Then VY = a on its image C’ in the w plane. Similarly, if the normal derivative of ® 
is zero, i.e., AP/dn = O on C, then the normal derivative of V is zero on C’. 


Applications to Fluid Flow 


9.7 Basic Assumptions 


The solution of many important problems in fluid flow, also referred to as fluid dynamics, hydrodynamics or 
aerodynamics, is often achieved by complex variable methods under the following assumptions. 


(1) The fluid flow is two dimensional, i.c., the basic flow pattern and characteristics of the fluid 
motion in any plane are essentially the same as in any parallel plane. This permits us to 
confine our attention to just a single plane that we take to be the z plane. Figures constructed 
in this plane are interpreted as cross-sections of corresponding infinite cylinders perpendicular 
to the plane. For example, in Fig. 9-7, page 286, the circle represents an infinite cylindrical 
obstacle around which the fluid flows. Naturally, an infinite cylinder is nothing more than a 
mathematical model of a physical cylinder which is so long that end effects can be reasonably 
neglected. 

(2) The flow is stationary or steady, i.c., the velocity of the fluid at any point depends only on the 
position (x, y) and not on time. 

(3) The velocity components are derivable from a potential, i.e., suppose V, and V, denote the 
components of velocity of the fluid at (x, y) in the positive x and y directions, respectively. 
Then there exists a function ®, called the velocity potential, such that 


iD D 
pe V, = oe (9.4) 


CHAPTER 9 Physical Applications of Conformal Mapping 


(4) 


(5) 


An equivalent assumption is that if C is any simple closed curve in the z plane and YV, is the 
tangential component of velocity on C, then 


PV. ds = } Vide+ V, dy =0 (9.5) 
Cc Cc 


See Problem 9.48. 

Either of the integrals in (9.5) is called the circulation of the fluid along C. When the circulation 
is zero, the flow is called irrotational or circulation free. 
The fluid is incompressible, i.c., the density, or mass per unit volume of the fluid, is constant. If 
V,, is the normal component of velocity on C, this leads to the conclusion (see Problem 9.48) that 


$V ds = bVs dy ~ Vy de =0 (9.6) 
Cc Cc 
or 
av, . aVy 
—*—0 9.7 
ae ay (9.7) 


which expresses the condition that the quantity of fluid contained inside C is a constant, 1.e., the 
quantity entering C is equal to the quantity leaving C. For this reason, equation (9.6), or the equiv- 
alent (9.7), is called the equation of continuity. 

The fluid is non-viscous, i.c., has no viscosity or internal friction. A moving viscous fluid tends to 
adhere to the surface of an obstacle placed in its path. If there is no viscosity, the pressure forces 
on the surface are perpendicular to the surface. A fluid which is non-viscous and incompressible, 
is often called an ideal fluid. It must of course be realized that such a fluid is only a mathematical 
model of a real fluid in which such effects can be safely assumed negligible. 


9.8 The Complex Potential 


From (9.4) and (9.7), it is seen that the velocity potential ® is harmonic, i.e., satisfies Laplace’s equation 


edb Fd 
—+>+=5 =0 9.8 
a2 t re (9.8) 
It follows that there must exist a conjugate harmonic function, say V(x, y), such that 
QZ) = Bx, y) + iV, y) (9.9) 
is analytic. By differentiation, we have, using (9.4), 
dQ, ob 0W ab (ab 
dz @) ax a axa oy se ow 


Thus, the velocity [sometimes called the complex velocity] is given by 


V=V, + iV, = dQO/dz = 0'(2) (9.11) 


and has magnitude 


VaW=(V+V= |O’(2)| = 10/2) (9.12) 


Points at which the velocity is zero, i.e., 0/(z) = 0, are called stagnation points. 
The function Q(z), of fundamental importance in characterizing a flow, is called the complex potential. 
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9.9 Equipotential Lines and Streamlines 


The one parameter families of curves 
Ou, yy=a, Va,y=B (9.13) 


where a and # are constants, are orthogonal families called, respectively, the equipotential lines and 
streamlines of the flow [although the more appropriate terms equipotential curves and stream curves are 
sometimes used]. In steady motion, streamlines represent the actual paths of fluid particles in the flow 
pattern. 

The function V is called the stream function while, as already seen, the function ® is called the velocity 
potential function or simply the velocity potential. 


9.10 Sources and Sinks 


In the above development of theory, we assumed that there were no points in the z plane [i.e., lines in the 
fluid] at which fluid appears or disappears. Such points are called sources and sinks, respectively [also 
called line sources and line sinks]. At such points, which are singular points, the equation of continuity 
(9.7), and hence (9.8), fail to hold. In particular, the circulation integral in (9.5) may not be zero around 
closed curves C that include such points. 

No difficulty arises in using the above theory, however, provided we introduce the proper singularities 
into the complex potential (1(z) and note that equations such as (9.7) and (9.8) then hold in any region that 
excludes these singular points. 


9.11 Some Special Flows 


Theoretically, any complex potential Q(z) can be associated with, or interpreted as, a particular two- 
dimensional fluid flow. The following are some simple cases arising in practice. [Note that a constant 
can be added to all complex potentials without affecting the flow pattern. ] 


(1) Uniform Flow. The complex potential corresponding to the flow of a fluid at constant speed Vo in 
a direction making an angle 6 with the positive x direction is (Fig. 9-2) 


Q(2) = Vo ez (9.14) 


Fig. 9-2 Fig. 9-3 


CHAPTER 9 Physical Applications of Conformal Mapping 


(2) 


(3) 


Source at z = a. If fluid is emerging at a constant rate from a line source at z = a (Fig. 9-3), the 
complex potential is 


O(z) = kIn(z — a) (9.15) 


where k > 0 is called the strength of the source. The streamlines are shown heavy while the equi- 
potential lines are dashed. 

Sink at z = a. In this case, the fluid is disappearing at z = a (Fig. 9-4) and the complex potential is 
obtained from that of the source by replacing k by —k, giving 


O(z) = —k In(z — a) (9.16) 


(4) 


(5) 


Fig. 9-4 Fig. 9-5 
Flow with Circulation. The flow corresponding to the complex potential 
OZ) = —ikIn@ — a) (9.17) 


is as indicated in Fig. 9-5. The magnitude of the velocity of fluid at any point is in this case inver- 
sely proportional to the distance from a. 

The point z = a is called a vortex and k is called its strength. The circulation [see equation 
(9.5)] about any simple closed curve C enclosing z =a is equal in magnitude to 27k. Note 
that, by changing k to —k in (9.17), the complex potential corresponding to a “clockwise” 
vortex is obtained. 

Superposition of Flows. By addition of complex potentials, more complicated flow patterns can 
be described. An important example is obtained by considering the flow due to a source at z = —a 
and a sink of equal strength at z = a. Then, the complex potential is 


O@ = kin(z + a) — kIn(z — a) = kin: = <) (9.18) 


By letting a > Oandk —> oo in sucha way that 2ka = wis finite, we obtain the complex potential 


AD = - (9.19) 


This is the complex potential due to a doublet or dipole, i.e., the combination of a source and sink 
of equal strengths separated by a very small distance. The quantity wy is called the dipole moment. 
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9.12 Flow Around Obstacles 


An important problem in fluid flow is that of determining the flow pattern of a fluid initially moving with 
uniform velocity Vo in which an obstacle has been placed. 


w plane z plane € plane 
v y 0 

Vo Se ee nee. 
—EEEE 

eS ne see ge ee 
———— 

Cc C’ 
u x 


Fig. 9-6 Fig. 9-7 Fig. 9-8 


A general principle involved in this type of problem is to design a complex potential having the form 
Q(z) = Voz + Giz) (9.20) 


(if the flow is in the z plane) where G(z) is such that lim),)-,.. G’(z) = 0, which means physically that far 
from the obstacle the velocity has constant magnitude (in this case Vo). Furthermore, the complex potential 
must be chosen so that one of the streamlines represents the boundary of the obstacle. 

A knowledge of conformal mapping functions is often useful in obtaining complex potentials. For 
example, the complex potential corresponding to the uniform flow in the w plane of Fig. 9-6 is given by 
Vow. By use of the mapping function w = z+ a’/z [see entry A-4, page 249], the upper half w plane of 
Fig. 9-6 corresponds to the upper half z plane exterior to circle C, and the complex potential for the flow 
of Fig. 9-7 is given by 


a 
QZ) = viz + “) (9.21) 


Similarly, if z = F(¢) maps C’ and its exterior onto C and its exterior [see Fig. 9-8], then the complex poten- 
tial for the flow of Fig. 9-8 is obtained by replacing z by F(Z) in (9.21). The complex potential can also be 
obtained on going directly from the w to the ¢ plane by means of a suitable mapping function. 

Using the above and introducing other physical phenomena such as circulation, we can describe the flow 
pattern about variously shaped airfoils and thus describe the motion of an airplane in flight. 


9.13 Bernoulli’s Theorem 


If P denotes the pressure in a fluid and V is the speed of the fluid, then Bernoulli’s theorem states that 
1 
P+ save =K (9.22) 


where a is the fluid density and K is a constant along any streamline. 


9.14 Theorems of Blasius 


(1) Let X and Y be the net forces, in the positive x and y directions, respectively, due to fluid pressure 
on the surface of an obstacle bounded by a simple closed curve C. Then, if © is the complex 
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potential for the flow, 


fac, dQ’ 
xX = 3104 (%) dz (9.23) 


Cc 


(2) Suppose M is the moment about the origin of the pressure forces on the obstacle. Then 


1 dQ\? 
M = Rei —- = — 24 
e 50$(F) dz (9.24) 
Cc 


where “Re” denotes as usual “real part of”. 


Applications to Electrostatics 


9.15 Coulomb’s Law 


Let r be the distance between two point electric charges, g; and gz. Then, the force between them is given in 
magnitude by Coulomb’s law, which states that 

pa (9.25) 

Kr 

and is one of repulsion or attraction according as the charges are like (both positive or both negative) or 
unlike (one positive and the other negative). The constant « in (9.25), which is called the dielectric constant, 
depends on the medium; in a vacuum x = 1, in other cases k > 1. In the following, we assume k = | unless 
otherwise specified. 


9.16 Electric Field Intensity. Electrostatic Potential 


Suppose we are given a charge distribution, which may be continuous, discrete, or a combination. This 
charge distribution sets up an electric field. If a unit positive charge (small enough so as not to affect the 
field appreciably) is placed at any point A not already occupied by charge, the force acting on this 
charge is called the electric field intensity at A and is denoted by €. This force is derivable from a potential 
®, which is sometimes called the electrostatic potential. In symbols, 


€ = —grad ® = —V® (9.26) 
If the charge distribution is two dimensional, which is our main concern here, then 


a® a® a® a® 
E=Ey+iEy=—~-—iz- where Ey=— >, Ey=— a (9.27) 
: ty ° Ny 


In such a case, if E, denotes the component of the electric field intensity tangential to any simple closed 
curve C in the z plane, 


f Eds => Ends + By dy =0 (9.28) 
Cc c 
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9.17 Gauss’ Theorem 


Let us confine ourselves to charge distributions, which can be considered two dimensional. If C is any 
simple closed curve in the z plane having a net charge q in its interior (actually an infinite cylinder enclosing 
a net charge q) and E,, is the normal component of the electric field intensity, then Gauss’ theorem states that 


| E,, ds = 41q (9.29) 
C 


If C does not enclose any net charge, this reduces to 


} Ends =} Edy — Eyde = 0 (9.30) 
CG Cc 


It follows that in any region not occupied by charge, 


OF,  OEy 
-~=0 9.31 
ax dy ( ) 
From (9.27) and (9.31), we have 
rd FD 


i.e., ® is harmonic at all points not occupied by charge. 


9.18 The Complex Electrostatic Potential 


From the above, it is evident that there must exist a harmonic function VW conjugate to ® such that 
QZ) = OG, y) + MG, y) (9.33) 


is analytic in any region not occupied by charge. We call ((z) the complex electrostatic potential or, simply 
complex potential. In terms of this, (9.27) becomes 


ab =a ab oa dQ, 


E= j— = j = = —()/ 9.34 
ax ; dy ax ha dy dz @) ( ) 
and the magnitude of € is given by E = |€| = |—/(z)| = |’). 
The curves (cylindrical surfaces in three dimensions) 
Ou, yy=a, Va,y=B (9.35) 


are called equipotential lines and flux lines, respectively. 


9.19 Line Charges 


The analogy of the above with fluid flow is quite apparent. The electric field in electrostatic problems 
corresponds to the velocity field in fluid flow problems, the only difference being a change of sign in the 
corresponding complex potentials. 

The idea of sources and sinks of fluid flow have corresponding analogs for electrostatics. Thus the 
complex (electrostatic) potential due to a line charge qg per unit length at z) (in a vacuum) is given by 


Q(z) = —2q In(z — Zo) (9.36) 
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and represents a source or sink according as g < 0 or g > 0. Similarly, we talk about doublets or dipoles, 
etc. If the medium is not a vacuum, we replace g in (9.36) by q/k. 


9.20 Conductors 


If a solid is perfectly conducting, 1.e., is a perfect conductor, all charge is located on its surface. Thus, if we 
consider the surface represented by the simple closed curve C in the z plane, the charges are in equilibrium 
on C and hence C is an equipotential line. 

An important problem is the calculation of potential due to a set of charged cylinders. This can be accom- 
plished by use of conformal mapping. 


9.21 Capacitance 


Two conductors having charges of equal magnitude g but of opposite sign, have a difference of potential, 
say V. The quantity C defined by 


q=CVv (9.37) 


depends only on the geometry of the conductors and is called the capacitance. The conductors themselves 
form what is called a condenser or capacitor. 


Applications to Heat Flow 


9.22 Heat Flux 


Consider a solid having a temperature distribution that may be varying. We are often interested in the quan- 
tity of heat conducted per unit area per unit time across a surface located in the solid. This quantity, some- 
times called the heat flux across the surface, is given by 


Q=-K grad ® (9.38) 


where ® is the temperature and K, assumed to be a constant, is called the thermal conductivity and depends 
on the material of which the solid is made. 


9.23 The Complex Temperature 


Suppose we restrict ourselves to problems of a two-dimensional type. Then 


1D iD 
Q=—K & + = = 0, + iQ, where O, = —K—, Q,=-—-K— (9.39) 
ax oy ax : dy 


Let C be any simple closed curve in the z plane (representing the cross section of a cylinder). If Q,; and Q, 
are the tangential and normal components of the heat flux and if steady state conditions prevail so that there 
is no net accumulation of heat inside C, then we have 


} Qnds = 4 Ody ~Q, de = 0. } Qrds= 4 Q,dx+Q,dy=0 (9.40) 
C C Cc C 
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assuming no sources or sinks inside C. The first equation of (9.40) yields 


t= 0 (9.41) 
which becomes on using (9.39), 
PO FO _ 
ax? ay? 
that is, ® is harmonic. Introducing the harmonic conjugate function V, we see that 
Q(z) = B(x, y) + iW, y) (9.42) 
is analytic. The families of curves 
Ou, yy=a, VOa,y=B (9.43) 


are called isothermal lines and flux lines, respectively, while ((z) is called the complex temperature. 
The analogies with fluid flow and electrostatics are evident and procedures used in these fields can be 
similarly employed in solving various temperature problems. 


SOLVED PROBLEMS 


Harmonic Functions 


9.1. Show that the following functions are harmonic in any finite region R of the z plane: 
(a) x7 —y*+2y (b) sinxcoshy 
Solution 


(a) Suppose ® = x* — y* + 2y. We have #@/dx? = 2, P@/dy? = —2. Then (8° @/dx") + (8 B/dy”) = 0 
and ® is harmonic in R. 


(b) Suppose ®=sinxcoshy. We have &®/dx* =—sinxcoshy, #’@/dy? = sinxcoshy. Then, 
(8 @/ax7) + (& B/dy?) = 0 and © is harmonic in R. 


9.2. Show that the functions of Problem 9.1 are harmonic in the w plane under the transformation z = w* 


Solution 


Suppose z = w?. Then x + iy = (u+ iv)’ = 3 — 3uv? + iGu2v — vv?) and x=w—3u*, y=3uv—v'. 


a) @=xr —-y42y=(W —3w’Y — Bw — vy? + 270 — 0) 


3 
= uo — 15u4v? + 15u°v* — v° + 6u7v — 20 


Then &@/du? = 30u* — 180u7v? + 3004 + 120, P b/dv? = —30u4 + 180u72v* — 3004-120 and 
(8° @/du7) + (8° @/dv’) = 0 as required. 
(b) We must show that ® = sin(u? —3uv?) cosh(3u2v — v?) satisfies (8?B/du7) + (8° @/dv?) = 0. This can 
readily be established by straightforward but tedious differentiation. 
This problem illustrates a general result proved in Problem 9.4. 


Ld Ph Lb Fb 
ax 


9.3. Prove that —— + — = |f’(z)|?( —— + ——] where w = f(z) is analytic and one-to-one. 
dy? ou? au 
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Solution 


The function (x, y) is transformed into a function ®[x(u, v), y(u, v)] by the transformation. By differentiation, 
we have 


db dddu IDdv 0D dDdu dD dv 


ax du dx dvdx’ dy  dudy dv day 
PD abu wd (2) ab Pv. av a (*) 


ae du oxe | dxox\ du) dv dx dxdx\ dv 
_ aD Fu Mul d (IP) du, 9 (P\ adv], DHv av A (A) du, 9 (AP) av 
~ au x2 ax} au\ au) ax dv\ du) ax| dv ax2 ax | du\ av) ax | av \ av) ax 


_ ab Fu ou E ou ed = _ o® Pv =\<° au rd = 


~ au x2" ax | du2 ax | dvdudx| | dv ax2 — Ax | Audv ax ' dv2 dx 
Similarly, 
FD abPu  dulPOIu PO ov] abv wl PO ou, PD av 
dy? du dy? ~dy | du? dy dvdudy| | dv dy? dy|audavay | dv dy 
Adding, 


Pb PH ab (Pu Pu) ad (#Pv Fv\ _ P@| (au\*  (aw\” 
ax?" dy? du \ax2 ° dy?) © av \ax2 ay?) * a2} \ax) © \ay 
7 P@ [aude | dudv] | PD) (av\* (av) 
'“audv | ax dx | dy dy| | av? | Lax) * \ay 


Since u and v are harmonic, (0°u/dx’) + (@u/dy") = 0, (8 v/dx") + (8 v/dy") = 0. Also, by the Cauchy— 
Riemann equations, du/dx = dv/dy, dv/dx = —du/dy. Then 


au\? (au\?_ (av\? (av\?__ (au\? (av\?_ jau av? HOP 
} = + = t = + 1 = 
ox oy ax oy ox ox ox = Ox ‘ 
du dv dudav 
——+—— = 
ax dx dy ay 
Hence (1) becomes 
OD oD 2) “D/? eo? 
at oe Ol aa + ap 


9.4. Prove that a harmonic function ®(x, y) remains harmonic under the transformation w = f(z) where 
f(2) is analytic and one-to-one. 


Solution 
This follows at once from Problem 9.3, since (8°®/dx) + (@B/ady”) = 0 and f’(z) ¥ 0 because f(z) is one- 
to-one, so (@°®/au’) + (8 B/adv") = 0. 


9.5. Let a be real. Show that the real and imaginary parts of w = In(z — a) are harmonic functions in any 
region FR not containing z = a. 
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Solution 


Method 1.\f R does not contain a, then w = In(z — a) is analytic in R. Hence, the real and imaginary parts are 
harmonic in R. 


Method 2. Let z — a = re’®. Then, if principal values are used for 6, w = u+ iv = In(z— a) = Inr + iso that 
u=Inr, v= 80. 
In the polar coordinates (r, 0), Laplace’s equation is 


Pd 10d, 1 Pb 


T T =0 
or2 or Or~=— or? OW 


and, by direct substitution, we find that vu = Inr and v = @are solutions if R does not contain r = 0, i.e., z= a. 
Method 3. If z—a=re'®, then x —a=rcos6, y=rsin@ and r=/(x—a)’ + y”, 6= tan {y/(x— a}. 
Then w = u+ iv =41n{(x — a) + y*} + itan“{y/(x — a)} and u = 4 1n{(x — a)” + y’}, v = tan“ {y/(x — a}. 
Substituting these into Laplace’s equation (a @/ ax’) + (PD / ay’) = 0, we find after straightforward differen- 
tiation that wu and v are solutions if z 4 a. 


Dirichlet and Neumann Problems 


9.6. Find a function harmonic in the upper half of the z plane, Im{z} > 0, which takes the prescribed 
1 x>0 


values on the x axis given by G(x) = | 0 x<0° 


Solution 
We must solve for ®(x, y) the boundary-value problem 
ed 


at By? 0% y>O; tim D(x, y) = G(x) 


1 x>0 
0 x<0 


This is a Dirichlet problem for the upper half plane [see Fig. 9-9]. 

The function A@+ B, where A and B are real constants, is harmonic since it is the imaginary part of 
Alnz+B. 

To determine A and B, note that the boundary conditions are ® = 1 for x > 0, i.e., = 0 and ® = 0 for 
x <0, 1e., 0= wv. Thus 


1=A(0)+B (1) 
0=A(m) +B (2) 
from which A = —1/7, B= 1. 
Then the required solution is 
0 1 
eS49p= 12-1 tan~!(~) 
7 T x 


Another Method. Using Poisson’s formula for the half plane 


8 


oe) 0 
Ox =2| yG(n) dn -=| ylO] dy =| yl] dy 
<a) P+e—-m 7) Y+e—-m TY +0-o 


—o0 —oo 0 


1 - ae Ae | 1 
= tan'(" ‘) =-.4 tan™'(*) =| tan~!(~) 
7 y 0 2 7 y 7 x 
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Fig. 9-9 Fig. 9-10 


9.7. Solve the boundary-value problem 


Solution 
To x<-l 
Pb Pb . ‘ 
—+—=0, y>0; lim ®@, y)=G@)= 747, -l<x<1 
ax2 ay? yo 0+ 
T> x>1 


where To, T;, T> are constants. 

This is a Dirichlet problem for the upper half plane [see Fig. 9-10]. 

The function A; + B@ + C where A, B, and C are real constants, is harmonic since it is the imaginary part 
of Aln(z+ 1)+ Bln(z—1)+C. 

To determine A, B, C, note that the boundary conditions are: (a) ® = T) for x > 1, ie., 0) = & = 0; 
(b) D=T, for-1l<x< lie, 0; =0,0=7; (c)®=Tp) forx < —l,ie., 6; = 7, & = 7. Thus 


(1) Tz = AQ) + BO)+ C, (2) T; =AO)+B(m)+C, (3) TM =A) + Bim) + C 


from which C = T>, B = (T; — T>)/7, A = (Tp — T1)/77. 
Then the required solution is 


T> —T T,-T. 
P16 RoC at a * tan! ( - )+T 
7 x+1 x-1 


Another Method. Using Poisson’s formula for the half plane 


yG(n) dn 
yt(x— 7) 


lf 
oa.» == | 


-l 


1 ioe) 
il | yTo dy | yT, dy -| yTy dy 
y+ax-nr wt) y+a-—ny? 7 | 


—0oo —] 
1 foe) 
T: —Xx 
+ tan7! (° ) 
ai “FE y 1 


7 


= 
T 7 

han € ‘) 

y 


—0 
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9.8. Find a function harmonic inside the unit circle |z| = 1 and taking the prescribed values given by 
1 0<0<7 


F(0¢) = to oe on its circumference. 


Solution 


This is a Dirichlet problem for the unit circle [Fig. 9-11] in which we seek a function satisfying Laplace’s 
equation inside |z| = 1 and taking the values 0 on arc ABC and 1 on are CDE. 


z plane w plane 
Y v 
®=1 D 
sz x 
A Cc 
B ®=0 
Fig. 9-11 Fig. 9-12 


Method 1. Using conformal mapping. 

We map the interior of the circle |z| = 1 onto the upper half of the w plane [Fig. 9-12] by using the mapping 
function z = (i — w)/(i+ w) or w = i{(1 — z)/(. + 2)} [see Problem 8.12, page 263, and interchange z and w]. 

Under this transformation, arcs ABC and CDE are mapped onto the negative and positive real axis A’B’C’ 
and C’D'E’, respectively, of the w plane. Then, by Problem 9.81, the boundary conditions ® = 0 on arc ABC 
and ® = 1 on arc CDE become, respectively, ® = 0 on A’B’C’ and ® = 1 on C'’D'E’. 

Thus, we have reduced the problem to finding a function ® harmonic in the upper half w plane and taking 
the values 0 for u < 0 and 1 for u > 0. But this problem has already been solved in Problem 9.6 and the sol- 
ution (replacing x by u and y by v) is given by 


P=1 aie! (<) (1) 
oT u 


Now from w = i{(1 — z)/(1 +z}, we find 


: 2y pair @+y) 
(l+x)y+y?’ (+x) +y?" 


Then, substituting these in (1), we find the required solution 


1 2 
® = 1——tan"! a (2) 
7 1-[p?+y?] 
or, in polar coordinates (r, 0), where x = rcos 6, y = rsin 0, 
1 2rsin 0 
62 (2a (3) 
7 1-r 
Method 2. Using Poisson’s formula, 
2a 


F(p)db 
1 — 2rcos(@— ¢)+ r? 


oo) 1 _,/2rsiné@ 
1 tan 
1 — 2rcos(@— ¢)+ r? 7 1-r 


by direct integration [see Problem 5.69(b), page 165]. 


Dr, 0) = 
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Applications to Fluid Flow 


9.9. (a) Find the complex potential for a fluid moving with constant speed Vo in a direction making an 


angle 6 with the positive x axis [see Fig. 9-13]. 


Fig. 9-13 


(b) Determine the velocity potential and stream function. 


(c) Determine the equations for the streamlines and equipotential lines. 


Solution 


(a) The x and y components of velocity are V, = Vo cos 6, and V, = Vo sin 6. 


(b) 


The complex velocity is 


V=V,+iVy = Vocos 8+ iVo sind = Voe”® 


The complex potential Q(z) is given by 


dQ | . 
———Y=VWe# 
dz of 
Then integrating, 
O(z) = Vo ez 


omitting the constant of integration. 
The velocity potential ® and stream function V are the real and imaginary parts of the complex potential. 
Thus 


OQ@=04+iv = Voe®z = Vo(xcos 6+ ysin 6) + iVo(ycos 6 — x sin 6) 


and 
® = Vo(xcos6+ysin6), WY = Vo(ycos6é— xsin 6d) 
Another Method. 
1D 
eg ee ee (1) 
ox 
1D 
> V, = Vo sind (2) 


Solving for ® in (1), ® = (Vo cos 6)x + G(y). Substituting in (2), G’(y) = Vo sin 6 and G(y) = (Vo sin 4)y, 
omitting the constant of integration. Then 


® = (Vo cos 6)x + (Vo sin 6)y 
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From the Cauchy—Riemann equations, 


av ad 

—=—=V,=Vocos8 (3) 
oy ox 

a e V, Vo sin 6 (4) 
ee 


Solving for W in (3), W=(Vocosd)y+ A(x). Substituting in (4), A’(x)=—Vosind and 
A(x) = —(Vo sin 6)x, omitting the constant of integration. Then 


WV = (Vo cos 5)y — (Vo sin 6)x 


(c) The streamlines are given by V = Vo(ycos 6 — xsin 6) = B for different values of 8. Physically, under 
steady-state conditions, a streamline represents the path actually taken by a fluid particle; in this case, 
a straight line path. 
The equipotential lines are given by ® = Vo(xcos 6+ ysin 6) = a for different values of a. Geometri- 
cally, they are lines perpendicular to the streamlines; all points on an equipotential line are at equal potential. 


9.10. The complex potential of a fluid flow is given by Q(z) = Vo {z +(a/ 2} where Vo and a are positive 
constants. (a) Obtain equations for the streamlines and equipotential lines, represent them graphi- 
cally, and interpret physically. (b) Show that we can interpret the flow as that around a circular 
obstacle of radius a. (c) Find the velocity at any point and determine its value far from the obstacle. 
(d) Find the stagnation points. 


Solution 


(a) Let z= re’. Then 


2 2 2 
O@ =O8+i¥ = Vo( ret +e) = vol f a ) e050 f wvo(r 2 ) sino 
r r r 


from which 
a a 
@=Vi(r+ ©) cose, w= va(r—") sino 
r r 


The streamlines are given by V = constant = 8, that is, 


ay. 
v(r-") sind = B 
r 


These are indicated by the heavy curves of Fig. 9-14 and show the actual paths taken by fluid particles. 
Note that Y = 0 corresponds to r = a and 6=0 or 7. 
The equipotential lines are given by ® = constant = a, i.e., 


@ 
Vol r+ ) c08 0= a 


r 


These are indicated by the dashed curves of Fig. 9-14 and are orthogonal to the family of streamlines. 


Fig. 9-14 
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(b) The circle r = a represents a streamline; and since there cannot be any flow across a streamline, it can be 
considered as a circular obstacle of radius a placed in the path of the fluid. 


(c) We have 
2 2 2 2 
Y@ = v(t =) = v(t 2 <) = v(t “ “c0s20) + 1% sin20 
z r r 


r 


Then, the complex velocity is 


7 a Vou : 
V = Q(z) = Vo[ 1 — cos 20} —i—,— sin 20 (1) 
r r 


and its magnitude is 


2 2 2 2 
Vai J f(s - 500526) +{2 sin26| 
r r 


2a? cos 26 ; at 
= Vo,/1 ae (2) 


Far from the obstacle, we see from (1) that V = Vo approximately, i.e., the fluid is traveling in the 
direction of the positive x axis with constant speed Vo. 

(d) The stagnation points (i.c., points at which the velocity is zero), are given by {’(z) =0, ie., 

Vo{1 -(@ /2)} =0 or z=a and z= —a. The stagnation points are therefore at A and D in Fig. 9-14. 


9.11. Show that under the transformation w = z+ (a’/z), the fluid flow in the z plane considered in 


Problem 9.10 is mapped into a uniform flow with constant velocity Vo in the w plane. 


Solution 


The complex potential for the flow in the w plane is given by 


a 
Vo (< + “) = Vow 


which represents uniform flow with constant velocity Vo in the w plane [compare entry A-4 on page 249]. 

In general, the transformation w = (Q(z) maps the fluid flow in the z plane with complex potential Q(z) into a 
uniform flow in the w plane. This is very useful in determining complex potentials of complicated fluid patterns 
through a knowledge of mapping functions. 


9.12. Fluid emanates at a constant rate from an infinite line source perpendicular to the z plane at z = 0 
[Fig. 9-15]. (a) Show that the speed of the fluid at a distance r from the source is V = k/r where kis a 
constant. (b) Show that the complex potential is Q(z) = kInz. (c) What modification should be 
made in (b) if the line source is at z = a? (d) What modification is made in (b) if the source is 
replaced by a sink in which fluid is disappearing at a constant rate? 


Solution 


(a) Consider a portion of the line source of unit length [Fig. 9-16]. If V, is the radial velocity of the fluid at 
distance r from the source and ais the density of the fluid (assumed incompressible so that o is constant), 
then: 


Mass of fluid per unit time emanating from line source of unit length 
= mass of fluid crossing surface of cylinder of radius r and height 1 
= (surface area)(radial velocity)(fluid density) 
= (2mr-1)(V,)(o) = 277rV,o 


9.13. 


(b) 


(c) 


(d) 
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If this is to be a constant x, then 


K k 


r — ee 
2aor 


where k = k/2770 is called the strength of the source. 


Fig. 9-15 Fig. 9-16 


Since V, = d®/dr = k/r, we have on integrating and omitting the constant of integration, ® = kInr. But 


this is the real part of Q(z) = kInz, which is therefore the required complex potential. 
If the line source is at z=a instead of z=0, replace z by z—a to obtain the complex potential 
O(z) = k In(z — a). 
If the source is replaced by a sink, the complex potential is Q(z) = —k In z, the minus sign arising from the 
fact that the velocity is directed toward z = 0. 

Similarly, Q(z) = —k In(z — a) is the complex potential for a sink at z = a. 


(a) Find the complex potential due to a source at z = —a and a sink at z = a of equal strengths k. 
(b) Determine the equipotential lines and streamlines and represent graphically. 
(c) Find the speed of the fluid at any point. 
Solution 
(a) Complex potential due to source at z = —a of strength k is k In(z +a). 

Complex potential due to sink at z= a of strength k is —k In(z — a). 

Then, by superposition: 
Complex potential due to source at z = —a and sink at z = a of strengths k is 
Q(z) = kin(z + a) — kIn(z — a) = kin( 5 oc “) 
27a 

(b) Letzta=ne, z—a=nme®. Then 


rye r| 
OZ) = @®+iV = kin( =) = kin(“) + ik(@, — 62) 
re!” io) 
so that ® = kIn(r;/r2), V = k(O, — 62). The equipotential lines and streamlines are thus given by 


®=kin(ri)/n)=a, V=k(O,-—%)=B 


Using 7, = Jxtay’*ty, mn =Va-a)’t+y, 4 = tan“! {y/(x+a)}, 6 = tan“! {y/(x— a}, the 


equipotential lines are given by 


va@tay ty _ 
V(@—ay+y? 


elk 
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This can be written in the form 
[x — acoth(a/k)}’ + y? = a’ csch*(a/k) 


which for different values of a are circles having centers at acoth(a@/k) and radii equal to a|csch(a/k)|. 
These circles are shown by the dashed curves of Fig. 9-17. 


The streamlines are given by 
tan( ud ) tan“ (_ z ) = B/k 
Xx+a —a 


or, taking the tangent of both sides and simplifying, 
x +[y+acot(B/k)P = a’ csc*(B/k) 


which for different values of 6 are circles having centers at —acot(@/k) and radii a|csc(B/k)|. These 
circles, which pass through (—a, 0) and (a, 0), are shown heavy in Fig. 9-17. 


k k 
zta z-a 
2ka 2ka 


= 2ka 
~ (22 = a?| 


(C) Speed = |O/(2)| = | 


~ a2 — e219] /g — 2a? cos20+ 4 


Fig. 9-17 Fig. 9-18 


9.14. Discuss the motion of a fluid having complex potential Q(z) = ikInz where k > 0. 


Solution 


If z = re’®, then Q(z) = ® + iV = ik(Inr 4+ i0) = iklInr —kO or ® = —kO, V = kInr. 
The streamlines are given by 


W=constant or r= constant 


which are circles having a common center at z = 0 [shown heavy in Fig. 9-18]. 
The equipotential lines, given by 0 = constant, are shown dashed in Fig. 9-18. Since 


ik ik _j ksi ik 
6 ; 2 s aie _ sin 0 ik cos 8 


r r 
the complex velocity is given by 


ksin@ ikcos@ 
r 


V=aN(D= 


9.15. 


9.16. 
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and shows that the direction of fluid flow is clockwise as indicated in the figure. The speed is given by 
V=|V| =k/r. 


Thus, the complex potential describes the flow of a fluid, which is rotating around z = 0. The flow is some- 
times referred to as a vortex flow and z = 0 is called a vortex. 


Show that the circulation about the vortex in Problem 9.14 is given by y = 27k. 


Solution 
If curve C encloses z = 0, the circulation integral is given by ‘i 
le) le) 
y= pvias a } V, dx + Vy dy = | —q de — a dy a | —d® = | kd@ = 27k 
C x Cc ‘ Cc 0 


In terms of the circulation, the complex potential can be written Q(z) = (iy/27) Inz. 


Discuss the motion of a fluid having complex potential 


2 ry 
A = vo(<+5) eae 
Zz Wa 


Solution 


This complex potential has the effect of superimposing a circulation on the flow of Problem 9.10. If z = re’®, 


2 2 
0 
O(Z) = B+ iV = Vo pes) Cosi shes Vol r *) sine+— nr 
r 27 r Qa 
Then, the equipotential lines and streamlines are given by 
2 2 
6 
Vo ree cos 6 Raa Vol r Z sin6+—-Inr = B 
r 27 r 27 
There are, in general, two stagnation points occurring where O'(z) = 0, that is, 


a iy —iy y 
Vol 1-— —=+0 = | 2 
of Zz ) Toa fe ano "162 


In case y = 47raVo, there is only one stagnation point. 
Since r = a is a streamline corresponding to B = (y/27) Ina, the flow can be considered as one about a 
circular obstacle as in Problem 9.10. Far from this obstacle, the fluid has velocity Vo since lim),)_,.0 O/(z) = Vo. 
The flow pattern changes, depending on the magnitude of y. In Figs. 9-19 and 9-20, we have shown two of 
the many possible ones. Fig. 9-19 corresponds to y < 4zaVo; the stagnation points are situated at A and B. 
Fig. 9-20 corresponds to y > 47aVo and there is only one stagnation point in the fluid at C. 


y y 


o~—. | 
bd WY 


Fig. 9-19 Fig. 9-20 
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Theorems of Blasius 


9.17. Let Q(z) be the complex potential describing the flow about a cylindrical obstacle of unit length 
whose boundary in the z plane is a simple closed curve C. Prove that the net fluid force on the 
obstacle is given by 


where X and Y are the components of force in the positive x and y directions, respectively, and o is 
the fluid density. 


Solution 


The force acting on the element of area ds in Fig. 9-21 is normal to ds and given in magnitude by P ds where P 
is the pressure. On resolving this force into components parallel to the x and y axes, we see that it is given by 


dF = dX +idY = —Pdssin@+ iP dscos @ 
= iP ds(cos 0+ isin 6) = iP dse’® = iP dz 
using the fact that 


dz = dx + idy = dscos 0+ idssin 6 = dse'® 


P ds cos@ 


Fig. 9-21 


Since C represents a streamline, we have by Bernoulli’s theorem, P + }0V? = K or P = K — 5o0V”, where V 


is the fluid speed on the streamline. Also, by Problem 9.49, we have dQ/dz = Ve? 
Then, integrating over C, we find 


1 1 
F=X+iY } iPad if(« 30¥?) d= — 510 f VP 
Cc C CG: 


1 : 1 ’ 
= gd | Ve? ds = ad | (V7e79)\(e7!9 ds) 


G Cc 


or 


F=X eds (Vv? -216 (gi gy =} ; Ge a 
— l = 5'0 e e S gt dz x 
Cc 


Cc 
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9.18. Let M denote the total moment about the origin of the pressure forces on the obstacle in 


Problem 9.17. Prove that 
1 dQ\? 
M = Ret — = —]d 
e 5 o | ( =) Z 


Cc 


Solution 


We consider counterclockwise moments as positive. The moment about the origin of the force acting on 
element ds of Fig. 9-21 is 


dM = (Pdssin 0)y + (Pdscos 0)x = P(y dy + xdx) 


since ds sin 0 = dy and dscos 0 = dx. Then, on using Bernoulli’s equation, the total moment is 


M =} Pod va) =4(K 30? Jovy + xa 
Cc Cc 


Nile 


1 
=K b (ydy-+ nds) — Fob VU ydy tds) — 
Cc C 


=0 


of V7(xcos 6+ ysin 6) ds 
Cc 


where we have used the fact that $e (y dy + xdx) = 0 since y dy + x dx is an exact differential. Hence 


1 1 
M= -304 V>(xcos 6+ ysin 6) ds = Re -304 V(x + iy)(cos 6 — isin 6) ds 


C Cc 


1 é 1 dd 
= Re} — 5 o | V>ze9 ds = Rel — 5 o | 2(V2e779)\(e!9 ds) 


G G 


Sometimes, we write this result in the form 


; 1 dQ)’ 
M+iN= oD z dz 
2 C dz 


where N has no simple physical significance. 


9.19. Find the net force acting on the cylindrical obstacle of Problem 9.16. 


Solution 


The complex potential for the flow in Problem 9.16 is 


2 . 
a=vi(< “) pV ing 
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where Vo is the speed of the fluid at distances far from the obstacle and y is the circulation. By Problem 9.17, 
the net force acting on the cylindrical obstacle is given by F, where 


Cc 
1. > a a 2iVoy a ~ 
=i flva(s =) Oe 1 2 Ane dz = —aVoy 
Cc 


Then X = 0, Y = oVoy and it follows that there is a net force in the positive y direction of magnitude oVoy. In 
the case where the cylinder is horizontal and the flow takes place in a vertical plane, this force is called the /ift 
on the cylinder. 


Applications to Electrostatics 


9.20. (a) Find the complex potential due to a line of charge g per unit length perpendicular to the z plane 
at z= 0. 


(b) What modification should be made in (a) if the line is at z = a? 
(c) Discuss the similarity with the complex potential for a line source or sink in fluid flow. 


Solution 


(a) The electric field due to a line charge g per unit length is radial and the normal component of the electric 
vector is constant and equal to E,, while the tangential component is zero (see Fig. 9-22). If C is any cylin- 
der of radius r with axis at z = 0, then by Gauss’ theorem, 


} Ends = Ey ds = E, «207 = Ang 
Cc Cc 


and 


Since E, = —(0®/dr), we have ® = —2gq Inr, omitting the constant of integration. This is the real part of 
Q(z) = —2q1nz, which is the required complex potential. 


(b) If the line of charge is at z = a, the complex potential is Q(z) = —2qIn(z — a). 


(c) The complex potential has the same form as that for a line source of fluid if k = —2q [see Problem 9.12]. 
If g is a positive charge, this corresponds to a line sink. 


(x, y) 


Fig. 9-22 Fig. 9-23 
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9.21. (a) Find the potential at any point of the region shown in Fig. 9-23 if the potentials on the x axis are 


given by Vo for x > 0 and —Vp for x < 0. 


(b) Determine the equipotential and flux lines. 


Solution 


(a) We must find a function, harmonic in the plane, which takes on the values Vo for x > 0 (i.e., 9 = 0) and 


(b) 


—Vpo for x < 0 (i.e., 0= 7). As in Problem 9.6, if A and B are real constants A@+ B is harmonic. Then 
A(0) + B = Vo, A(z) + B = —Vo from which A = —2Vo/7, B = Vo so that the required potential is 


2 2; 
v(t oy) = v(t tan”) 
7 7 Xx 


in the upper half plane y > 0. The potential in the lower half plane is obtained by symmetry. 


2 
v(t = atan!”) =a 
7 Xx 


that is, y = mx where m is a constant. These are straight lines passing through the origin. 
The flux lines are the orthogonal trajectories of the lines y = mx and are given by x? + y” = B. They are 
circles with center at the origin. 


The equipotential lines are given by 


2 2V 
Another Method. A function conjugate to v(t tan! *) is °inr. Then the flux lines are given by 
7 


x T 


r = ./x? + y* = constant, which are circles with center at the origin. 


9.22. (a) 


Find the potential due to a line charge g per unit length at z = zp and a line charge —gq per unit 
length at z = Zp. 


(b) Show that the potential due to an infinite plane [ABC in Fig. 9-25] kept at zero potential 


(ground potential) and a line charge g per unit length parallel to this plane can be found 
from the result in (a). 


Solution 


(a) 


(b) 


The complex potential due to the two line charges [Fig. 9-24] is 


A = —2gIn(z — zo) + 2g In(z in) = 2gin( ==) 
— «0 


Then the required potential is the real part of this, i.e., 


b = 24 Re{in(=— | (1) 


To prove this, we must show that the potential (1) reduces to ® = 0 on the x axis, i.e., ABC in Fig. 9-25 is 
at potential zero. This follows at once from the fact that on the x axis, z = x so that 


a= 24in(*=2) and @ = 2gin(*=2) = fo) 
x — 20 X — 20 


that is, ® = Re{Q} = 0 on the x axis. 


CHAPTER 9 Physical Applications of Conformal Mapping 


Thus, we can replace the charge —g at Zo [Fig. 9-24] by a plane ABC at potential zero [Fig. 9-25] and 
conversely. 


y y: 
q q 
“he 2 re Zo 
A B Cc 
x x 
Potential = 0 
ae zo 
Fig. 9-24 Fig. 9-25 


9.23. Two infinite parallel planes, separated by a distance a, are grounded (i.e., are at potential zero). A 
line charge gq per unit length is located between the planes at a distance b from one plane. Determine 
the potential at any point between the planes. 


Solution 


Let ABC and DEF in Fig. 9-26 represent the two planes perpendicular to the z plane, and suppose the line 
charge passes through the imaginary axis at the point z = bi. 


z plane w plane 
» v 
Potential = 0 


IN, g pxbila 


Potential = 0 Potential = 0 


| 
Fig. 9-26 Fig. 9-27 


From entry A-2 on page 248, we see that the transformation w = e”/“ maps the shaded region of Fig. 9-26 
onto the upper half w plane of Fig. 9-27. The line charge g at z = bi in Fig. 9-26 is mapped into the line charge 
q at w = e™'/¢, The boundary ABCDEF of Fig. 9-26 (at potential zero) is mapped into the x axis A’B’C’D’E'F’ 
(at potential zero) where C’ and D’ are coincident at w = 0. 

By Problem 9.22, the potential at any point of the shaded region in Fig. 9-27 is 


w— | 


w — etbi/a 


® = 2q Re 
Then, the potential at any point of the shaded region in Fig. 9-26 is 


m/a __ ,—mbi/a 
b= 24 Rel“ 7 


em™/a — etbi/a 
Applications to Heat Flow 


9.24. A semi-infinite slab (shaded in Fig. 9-28) has its boundaries maintained at the indicated tempera- 
tures where T is constant. Find the steady-state temperature. 
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Solution 


The shaded region of the z plane is mapped into the upper half of the w plane [Fig. 9-29] by the mapping func- 
tion w = sin(7z/a) which is equivalent to u = sin(ax/a)cosh(7zry/a), v = cos(7x/a) sinh(ay/a) [see 
entry A-3(a) on page 248]. 


z plane w plane 


Fig. 9-28 Fig. 9-29 


We must now solve the equivalent problem in the w plane. We use the method of Problem 9.7 to find that the 
solution in the w plane is 


T 2T 
Os jan tan~'( ) +2T 
7 u+1 7 u—1 


and the required solution to the problem in the z plane is therefore 


cos(7x/a) sinh(ar y/a) _2T a cos(ax/a) sinh(zry/a) 


7 sin(arx/a) cosh(ary/a) + 1 7 sin(arx/a) cosh(ary/a) — 1 


T 
o= Fran | ar 


9.25. Find the steady-state temperature at any point of the region shown shaded in Fig. 9-30 if the 
temperatures are maintained as indicated. 


z plane w plane 


orc 60°C —_ 2 o°c 


Fig. 9-30 Fig. 9-31 


Solution 


The shaded region of the z plane is mapped onto the upper half of the w plane [shaded in Fig. 9-31] by means of 
the mapping function w = z+ (1/z) [entry A-4 on page 249], which is equivalent to 


; . 1 x . y : x y 
v= = == — |. Le, — ——— =y- 
uti der sh as rt zt ti(y a} u AD soraane v=y ety 


The solution to the problem in the w plane is, using the method of Problem 9.7, 
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Then, substituting the values of u and v, the solution to the required problem in the z plane is 


2 De 2 ort 
00, 2 yar + y — 1) OO. =i yor + y° — 1) 
7 @+y4Dx—-Wet+ yf 7 G2 +y? + Dx + 20? +9) 


or, in polar coordinates, 


60 a! (r? — 1)sin @ 60 if (°° —1)sinéd 
7 (r2 + 1)cos 6— 2r 7 (r2 + 1)cos 0+ 2r 


Miscellaneous Problems 
9.26. A region is bounded by two infinitely long concentric cylindrical conductors of radii r; and rz (r2 > 71), 
which are charged to potentials ©; and ®, respectively [see Fig. 9-32]. Find the (a) potential and 
(b) electric field vector everywhere in the region. 
Solution 


(a) Consider the function © = Alnz+ B where A and B are real constants. If z = re'®, then 


Q=@0+4+i¥=Alnr+Aid+B, or ®=Alnr+B, VW=AO 


Now ® satisfies Laplace’s equation, i.e., is harmonic, everywhere in the region r; < r < ry and reduces 
to ® = ® and ® = ®, onr =7r, and r =r provided A and B are chosen so that 


®, =Alnr, +B, 8. =Alnn+B 
that is, 
dD, — D, ®, Inr2 — 2 Inr; 
~Ina/n))  sIna/ni) 
Then, the required potential is 


(®, — ®,) f ®, Inr — ®, Inr; 


~— In(r2/r1) In(r2/r)) 
®, 
Fig. 9-32 
(b) Electric field vector 
eer ab =D, -D, 1 


ar In(/ri) or 


Note that the lines of force, or flux lines, are orthogonal to the equipotential lines, and some of these are 
indicated by the dashed lines of Fig. 9-33. 


9.27. 


9.28. 
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Find the capacitance of the condenser formed by the two cylindrical conductors in Problem 9.26. 


Solution 


If [is any simple closed curve containing the inner cylinder and q is the charge on this cylinder, then by Gauss’ 
theorem and the results of Problem 9.26, we have 


27 


} Ends = | {> =e tay =O ac 
i J In(/ri) In(r2/r1) 
Then 
®, — ®, 
41° 2inra/ri) 
and so 
charge qd 1 


Capacit CH =~ = 
a aaa difference in potential ®,—@®, 21n(7/r\) 


which depends only on the geometry of the condensers, as it should. 
The above result holds if there is a vacuum between the conductors. If there is a medium of dielectric con- 
stant x between the conductors, we must replace g by q/«x and in this case the capacitance is 1/[2« In(72/7,)]. 


Two circular cylindrical conductors of equal radius R and centers at distance D from each other 
[Fig. 9-34] are charged to potentials Vj and —Vo, respectively. (a) Determine the charge per unit 
length needed to accomplish this. (b) Find an expression for the capacitance. 


Solution 


(a) We use the results of Problem 9.13, since we can 
replace any of the equipotential curves (surfaces) 
by circular conductors at the specified potentials. - D =i 
Placing a=-—Vp and a= Vp and noting that ! 1 
k = 2q, we find that the centers of the circles are 
at x = —acoth(Vo/2q) and x = acoth(Vo/2q) so x 
that 


D = 2acoth (5:) (1) 
2q 
The radius R of the circles is 


Fig. 9-34 
Vi 
R=a eseh(5°) (2) 

2q 


Division of (1) by (2) yields 2 cosh(Vo/2q) = D/R so that the required charge is 


$= Vo 
2 cosh7!(D/2R) 


charge q 1 
difference in potential 2V) _ 4cosh7!(D/2R) 


(b) Capacitance C = 
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9.29. 


9.30. 


The result holds for a vacuum. If there is a medium of dielectric constant x, we must divide the result by k. 
Note that the capacitance depends as usual only on the geometry. The result is fundamental in the theory 
of transmission line cables. 


Prove the uniqueness of the solution to Dirichlet’s problem. 


Solution 


Dirichlet’s problem is the problem of determining a function © that satisfies (0? ®/dx) + (#P ®/dy’) = Oina 
simply-connected region R and that takes on a prescribed value ® = f(x, y) on the boundary C of R. To prove 
the uniqueness, we must show that, if such a solution exists, it is the only one. To do this, suppose that there are 
two different solutions, say ®; and ®,. Then 


2, VA 

CRY OP oie. gia: Oc See avon (1) 
ax? dy? 

Pb, FO, 

—-+ =OinR and © =f(x, y)onC (2) 
ax? dy? 


Subtracting and letting G = ®, — ®,, we have 


a a 
art prion and G=OonC (3) 


To show that ®; = ®, identically, we must show that G = 0 identically in R. 
Let F = G in Problem 4.31, page 137, to obtain 


aG aG ¥G &G aG\*_ (aG\?* 
Cc R 


Suppose that G is not identically equal to a constant in R. From the fact that G=O on C, and 
(8°G/dx) + (#G/dy”) = 0 identically in R, (4) becomes 


aG\*  (aG\? 
=) +(=- dx dy = 0 
| (<2) ie ed 
R 
But this contradicts the assumption that G is not identically equal to a constant in 7, since in such a case 


[)+G) Jao 


It follows that G must be constant in R, and by continuity we must have G = 0. Thus ®; = ® and there is only 
one solution. 


An infinite wedge-shaped region ABDE of angle 77/4 [shaded in Fig. 9-35] has one of its sides (AB) 
maintained at constant temperature 7;. The other side BDE has part BD [of unit length] insulated 
while the remaining part DE is maintained at constant temperature T>. Find the temperature every- 
where in the region. 
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z plane ¢ plane 
A 
an 
a 
B a D E ‘ 
Insulated 1 T> 
Insulated 


Fig. 9-35 Fig. 9-36 
w plane w plane 
Vv 
1 
T; T, 
u a as u 
Insulated 1 
T; T, 
Fig. 9-37 Fig. 9-38 


Solution 


By the transformation £ = 2”, the shaded region of the z plane [Fig. 9-35] is mapped into the region shaded in 
Fig. 9-36 with the indicated boundary conditions [see entry A-1 on page 248]. 

By the transformation ¢ = sin(zw/2), the shaded region of the plane [Fig. 9-36] is mapped into the region 
shaded in Fig. 9-37 with the indicated boundary conditions [see entry C-1 on page 254]. 

Now the temperature problem represented by Fig. 9-37 with B’D” insulated is equivalent to the 
temperature problem represented by Fig. 9-38 since, by symmetry, no heat transfer can take place across 
B’D". But this is the problem of determining the temperature between two parallel planes kept at constant 
temperatures T; and T, respectively. In this case, the temperature variation is linear and so must be given 
by T| + (To = T\)u. 

From {= 2° and ¢ = sin(aw/2), we have on eliminating ¢, w = (2/7) sin”! 2 oru= (2/7) Re{sin7! 27}. 
Then, the required temperature is 

T, 


HAF 
et) 21) Re{sin7! 27} 
7 


In polar coordinates (r, 0), this can be written as [see Problem 9.95], 


0 eee 1 i 
qT 4 (To v sin! {SV 2F cos30-+1 52 c0s30+ | 
7 
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SUPPLEMENTARY PROBLEMS 


Harmonic Functions 


9.31. 
9.32. 
9.33. 


9.34. 


9.35. 


9.36. 


Show that the functions (a) 2xy + y? — 3x’y, (b) e~* sin y are harmonic. 
Show that the functions of Problem 9.31 remain harmonic under the transformations (a) z = w”, (b) z = sinw. 
Suppose ®(x, y) is harmonic. Prove that ®(x + a, y +b), where a and b are any constants, is also harmonic. 


Suppose ®,, ®2,..., ®, are harmonic in a region R and cj, Co, ..., Cy are any constants. Prove that 
cyP; +coP2 +--+ +c,®, is harmonic in R. 


Prove that all the harmonic functions that depend only on the distance r from a fixed point must have the form 
Alnr+B where A and B are any constants. 


Suppose F(z) is analytic and different from zero in a region R. Prove that the real and imaginary parts of In F(z) 
are harmonic in R. 


Dirichlet and Neumann Problems 


9.37. 


9.38. 


9.39. 


9.40. 


9.41. 


9.42. 


9.43. 


9.44. 


9.45. 


Find a function harmonic in the upper half z plane Im{z} > 0 that takes the prescribed values on the x axis given 


1 x>0 
by Gu) = |_| x<0° 
1 x<-l 
Work Problem 9.37 if G(x) = 0 -l<x<l. 
-1 x>1 


Find a function harmonic inside the circle |z| = 1 and taking the values F(6) = 
circumference. 


T 0<0<7 : 
on its 


—T w<0<27 


T 0<6< 7/2 
Work Problem 9.39 if F(6) = 0 a/2<0<37/2. 
—-T 30/2<0<27 


ind 0<@é@<7 
Wotk Probl 39 if F =| d 
ork Problem 9.39 if F(@) 0 w<0<27 


10 0<0<7 


Find a function harmonic inside the circle |z| = 2 and taking the values F(@) = Oo ee pe on 


Show by direct substitution that the answers obtained in (a) Problem 9.6, (b) Problem 9.7, (c) Problem 9.8 
are actually solutions to the corresponding boundary-value problems. 


Find a function ®(x, y) harmonic in the first quadrant x > 0, y > 0, which takes on the values V(x, 0) = —1, 
VO, y) = 2. 


Find a function ®(x, y) that is harmonic in the first quadrant x > 0, y > 0 and that satisfies the boundary con- 
ditions B(x, 0) = e*, d®/dx|,-9 = 0. 


Applications to Fluid Flow 


9.46. 


9.47. 


9.48. 


9.49, 


Sketch the streamlines and equipotential lines for fluid motion in which the complex potential is given by 
(a) 2*+2z, (b)z*, ()e% (Md cosz 


Discuss the fluid flow corresponding to the complex potential Q(z) = Vo(z + 1/2’). 
Verify the statements made before equations (9.5) and (9.6) on page 283. 


Derive the relation dO/dz = Ve—'®, where V and @ are defined as in Problem 9.17. 


9.50. 


9.51. 


9.52. 


9.53. 
9.54. 


9.55. 


9.56. 


9.57. 


9.58. 


9.59. 


9.60. 


9.61. 
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Referring to Problem 9.10, (a) show that the speed of the fluid at any point E [Fig. 9-14] is given by 2Vo|sin 6| 
and (b) determine at what points on the cylinder the speed is greatest. 


(a) Suppose P is the pressure at point E of the obstacle in Fig. 9-14 of Problem 9.10 and suppose P.. is the 


pressure far from the obstacle. Show that 


ta a) 
Phas ovo an 0) 


(b) Show that a vacuum is created at points B and F if the speed of the fluid is equal to or greater than 
Vo = V2P0/30. This is often called cavitation. 


Derive equation (9.19), page 285, by a limiting procedure applied to equation (9.18). 
Discuss the fluid flow due to three sources of equal strength k located at z = —a, 0, a. 


Discuss the fluid flow due to two sources at z= +a and a sink at z=O if the strengths all have 
equal magnitude. 


Prove that under the transformation w = F(z) where F(z) is analytic, a source (or sink) in the z plane at z = Zp is 
mapped into a source (or sink) of equal strength in the w plane at w = wo = F(Zo). 


Show that the total moment on the cylindrical obstacle of Problem 9.10 is zero and explain physically. 


Suppose V(x, y) is the stream function. Prove that the mass rate of flow of fluid across an arc C joining points 
(1, y1) and (x2, ya) is o{¥(x2, y2) — V1, yi}. 


(a) Show that the complex potential due to a source of strength k > 0 in a fluid moving with speed Vo is 
Q. = Voz + k1nz and (b) discuss the motion. 


A source and sink of equal strengths m are located at z = +1 between the parallel lines y = +1. Show that the 
complex potential for the fluid motion is 


Given a source of fluid at z = zp and a wall x = 0. Prove that the resulting flow is equivalent to removing the 
wall and introducing another source of equal strength at z = —z. 


Fluid flows between the two branches of the hyperbola ax” — by* = 1, a > 0, b > 0. Prove that the complex 
potential for the flow is given by K cosh7! az where K is a positive constant and a = /ab/(a + b). 


Applications to Electrostatics 


9.62. 


Two semi-infinite plane conductors, as indicated in Fig. 9-39, are charged to constant potentials ®, and ®,, 
respectively. Find the (a) potential ® and (b) electric field € everywhere in the shaded region between them. 


By 
y 


= Vo 


x 
B Potential ©, C Yo 


Fig. 9-39 Fig. 9-40 
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9.63. Find the (a) potential and (b) electric field everywhere in the shaded region of Fig. 9-40 if the potentials on the 
positive x and y axes are constant and equal to Vo and —Vo, respectively. 


9.64. An infinite region has in it three wires located at z= —1,0,1 and maintained at constant potentials 
—Vo, 2Vo, —Vo, respectively. Find the (a) potential and (b) electric field everywhere. 


9.65. Prove that the capacity of a capacitor is invariant under a conformal transformation. 


9.66. The semi-infinite plane conductors AB and BC, which inter- 
sect at angle a, are grounded [Fig. 9-41]. A line charge g per 


unit length is located at point z,; in the shaded region at equal » 
distances a from AB and BC. Find the potential. 
A 
9.67. Work Problem 9.66 if qg is at a distance a from AB and b 
from BC. 
‘va 
9.68. Work Problem 9.23 if there are two line charges, g per unit SS. 


length and —gq per unit length, located at z = bi and z = ci, 
respectively, where 0 << b<a,0<c<aandb¥c. 


9.69. An infinitely long circular cylinder has half of its surface 
charged to constant potential Vo while the other half is 
grounded, the two halves being insulated from each other. Fig. 9-41 
Find the potential everywhere. 


Applications to Heat Flow 


9.70. (a) Find the steady-state temperature at any point of the region shown shaded in Fig. 9-42. 


(b) Determine the isothermal and flux lines. 


9.71. Find the steady-state temperature at the point (2, 1) of the region shown shaded in Fig. 9-43. 


Insulated 


50°C 


(4, 0) 


60°C Cc 


Fig. 9-42 Fig. 9-43 Fig. 9-44 


9.72. The convex portions ABC and ADC of a unit cylinder [Fig. 9-44] are maintained at temperatures 40°C and 
80°C, respectively. (a) Find the steady-state temperature at any point inside. (b) Determine the isothermal and 
flux lines. 


9.73. 


9.74. 


CHAPTER 9 Physical Applications of Conformal Mapping 


Find the steady-state temperature at the point (5, 2) in the shaded region of Fig. 9-45 if the temperatures are 
maintained as shown. 


y 
Y B 
A 
40°C 
A Cc 
x 
Be (0, 1) 
80°C 
x D 
c. 100°C D 
Fig. 9-45 Fig. 9-46 


An infinite conducting plate has in it a circular hole ABCD of unit radius [Fig. 9-46]. Temperatures of 20°C and 
80°C are applied to arcs ABC and ADC and maintained indefinitely. Find the steady-state temperature at any 
point of the plate. 


Miscellaneous Problems 


9.75. 


9.76. 


9.77. 


9.78. 


9.79. 


9.80. 


9.81. 


9.82. 


9.83. 


9.84. 


Suppose ®(x, y) is harmonic. Prove that ®(x/r?, y/r?) where r = \/x? + y? is also harmonic. 
Suppose U and V are continuously differentiable. Prove that 


dU dUdx dUdy av aVdy | aVdx 


= b = 
(a) on =oxds dy ds (b) ds ax ds dy ds 


where n and s denote the outward drawn normal and arc length parameter, respectively, to a simple closed 
curve C. 


Let U and V be conjugate harmonic functions. Prove that (a) JU/dn = dV/ds, (b) 0DU/ds = —(0V/odn). 


Prove that the function 1 — r?/(1 — 2rcos @+ 1’) is harmonic in every region that does not include the point 
r=1,0=0. 


Let it be required to solve the Neumann problem, i.e., to find a function V harmonic in a region 7 such that on 
the boundary C of R, dV/dn = G(s) where s is the arc length parameter. Let H(s) = i G(s) ds where a is any 
point of C, and suppose that $e G(s) ds = 0. Show that to find V, we must find the conjugate harmonic function 
U that satisfies the condition U = —H(s) on C. This is an equivalent Dirichlet problem. [Hint. Use Problem 
9.77.] 


Prove that, apart from an arbitrary additive constant, the solution to the Neumann problem is unique. 
Prove Theorem 9.3, page 282. 


How must Theorem 9.3, page 282, be modified if the boundary condition ® =a on C is replaced by 
® = f(x, y) on C? 


How must Theorem 9.3, page 282, be modified if the boundary condition d®@/dn = 0 on C is replaced by 
dD/dn = g(x, y) on C? 


Suppose a fluid motion is due to some distribution of sources, sinks, and doublets and suppose C is some curve such 
that no flow takes place across it. Then the distribution of sources, sinks, and doublets to one side of C is called the 
image of the distribution of sources, sinks, and doublets on the other side of C. Prove that the image of a source 
inside a circle C is a source of equal strength at the inverse point together with a sink of equal strength at the 
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9.85. 


9.86. 


9.87. 


9.88. 


9.89. 


center of C. [Point P is called the inverse of point Q with respect to a circle C with center at Oif OPQ is a straight line 
and OP - OO = a? where a is the radius of C.] 


A source of strength k > 0 is located at point zo in a fluid that is contained in the first quadrant where the x and y 
axes are considered as rigid barriers. Prove that the speed of the fluid at any point is given by 


kK\(z— 20) | + (2-2) | + (e+ 2) 1 +(e +20) || 


Two infinitely long cylindrical conductors having cross-sections that are confocal ellipses with foci at (—c, 0) 
and (c, 0) [see Fig. 9-47] are charged to constant potentials ®; and ®, respectively. Show that the capacitance 
per unit length is equal to 


20 
cosh™!(R3/c) — cosh7! (Rj /c) 


[Hint. Use the transformation z = c cosh w.] 


In Problem 9.86, suppose that ®; and ®, represent constant temperatures applied to the elliptic cylinders. Find 
the steady-state temperature at any point in the conducting region between the cylinders. 


2R, 


Fig. 9-47 Fig. 9-48 
A circular cylinder obstacle of radius a rests at the bottom of a channel of fluid, which at distances far from the 
obstacle flows with velocity Vo [see Fig. 9-48]. 


(a) Prove that the complex potential is given by 
O(z) = TaVo coth(7a/z) 


(b) Show that the speed at the top of the cylinder is i a Vy and compare with that for a circular obstacle in the 
middle of a fluid. 


(c) Show that the difference in pressure between top and bottom points of the cylinder is oz* ve f32) 


(a) Show that the complex potential for fluid flow past the elliptic cylinder of Fig. 9-49 is given by 


aot 


2) = Vol e+ aC 


where ¢ = (z+ Vz? — c?) and c* = a? — b’. 
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(b) Prove that the fluid speed at the top and bottom of the cylinder is Vo(1 + b/a). Discuss the case a = b. 
[Hint. Express the complex potential in terms of elliptic coordinates (€ 7) where 


Z=x+iy=ccosh(€+ in) = ccosh Z.] 


Fig. 9-49 
9.90. Suppose the flow in Problem 9.89 is in a direction making an angle 6 with the positive x axis. Show that the 
complex potential is given by the result in (a) with ¢= $(¢ + V2? — c?)e”®. 
9.91. In the theory of elasticity, the equation 


Ae) ed aod 
Vb = V(V"®) = +2 = 
( ) axt ax*dy? — dy4# 


called the biharmonic equation, is of fundamental importance. Solutions to this equation are called biharmonic. 
Prove that if F(z) and G(z) are analytic in a region R, then the real part of zF(z) + G(z) is biharmonic in R. 


9.92. Show that biharmonic functions (see Problem 9.91) do not, in general, remain biharmonic under a conformal 
transformation. 


9.93. (a) Show that O(z) = K Insinh(zz/a), k > 0, a > 0 represents the complex potential due to a row of fluid 
sources at z= 0, +tai, +2ai,.... 


(b) Show that, apart from additive constants, the potential and stream functions are given by 


® = K In{cosh(2arx/a) — cos(2y/a)}, VW = K tan! tan(ry/a) | 


tanh(7x/a) 
(c) Graph some of the streamlines for the flow. 


9.94. Prove that the complex potential of Problem 9.93 is the same as that due to a source located halfway between 
the parallel lines y= +3a/2. 


9.95. Verify the statement made at the end of Problem 9.30 [compare Problem 2.137]. 


9.96. A condenser is formed from an elliptic cylinder, with major and minor axes of lengths 2a and 2b, respectively, 
together with a flat plate AB of length 2h [see Fig. 9-50]. Show that the capacitance is equal to 277/ {cosh™ la/ hy} : 


— 


A 
—_> 
2b oe D 
———S_ 
—> 
B 


Fig. 9-50 Fig. 9-51 
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9.97. A fluid flows with uniform velocity Vo through a semi-infinite channel of width D and emerges through 
the opening AB [Fig. 9-51]. (a) Find the complex potential for the flow. (b) Determine the streamlines and equi- 
potential lines and obtain graphs of some of these. [Hint. Use entry C-5 on page 256.] 


9.98. Give a potential theory interpretation to Problem 9.30. 
9.99. (a) Show that in a vacuum, the capacitance of the parallel cylindrical conductors in Fig. 9-52 is 


1 
D* — R? — RS 
2 cosh7! { ———L_ —2 
2R1R> 


(b) Examine the case Rj = R2 = R and compare with Problem 9.28. 


9.100. Show that in a vacuum, the capacitance of the two parallel cylindrical conductors in Fig. 9-53 is 


Fig. 9-52 Fig. 9-53 Fig. 9-54 


9.101. Find the potential at any point of the unit cylinder of Fig. 9-54 if AB, BC, CD, and DA are kept at potentials 
Vo, 0, —Vo, and 0, respectively. 


9.102. The shaded region of Fig. 9-55 represents an infinite conducting half plane in which lines AD, DE, and DB are 
maintained at temperatures 0, T and 27, respectively, where T is a constant. (a) Find the temperature every- 
where. (b) Give an interpretation involving potential theory. 


E 
Qa 
D 
A B 
Fig. 9-55 


9.103. Work the preceding problem if (a) DE is insulated, (b) AB is insulated. 


9.104. In Fig. 9-55, suppose that DE represents an obstacle perpendicular to the base of an infinite channel in which a 
fluid is flowing from left to right so that, far from the obstacle, the speed of the fluid is Vo. Find (a) the speed and 
(b) the pressure at any point of the fluid. 
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Find the steady-state temperature at the point (3, 2) in the shaded region of Fig. 9-56. 


An infinite wedge-shaped region ABCD of angle 77/4 [shaded in Fig. 9-57] has one of its sides (CD) maintained 
at 50°C; the other side ABC has the part AB at temperature 25°C while part BC, of unit length, is insulated. Find 


the steady-state temperature at any point. 


20°C 80°C 
Fig. 9-56 


ANSWERS TO SUPPLEMENTARY PROBLEMS 


9.37. 


9.38. 


1 — (2/m)tan7!(y/x) 
1 1 
1- tan“( Z )- tan7! ud 
7 x—-1 7 x+1 
T a tae 2r sin 0 
7 1-r 
1 4r sin 0 
1041 ——tan“! 
L-aGea)] 


9.63. 


9.64. 


9.66. 


9.70. 


9.73. 


Fig. 9-57 


(a) voft — Stan ( aa :) 
7 wy 


(a) Vo In{z(z? — 1)} 


mia _ ~m/a 
Im} —2giIn{ <_—*1_— 
gala -—Z 
(a) 60 — (120/27) tan7!(y/x) 


45.9°C 


a _, 2rsin 6 | oe) 
— | tan 


an 
7 — 7 1-Pr 
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Special Topics 


10.1 Analytic Continuation 


Let F\(z) be a function of z which is analytic in a region R, [Fig. 10-1]. Suppose that we can find a function 
F(z) which is analytic in a region 2 and which is such that F\(z) = F(z) in the region common 
to R, and Ry. Then we say that F(z) is an analytic continuation of F\(z). This means that there is 
a function F(z) analytic in the combined regions 7; and R2 such that F(z) = F\(z) in R, and 
F(z) = F2(z) in Ry». Actually, it suffices for R, and R, to have only a small arc in common, such as 
LMN in Fig. 10-2. 


Fig. 10-1 Fig. 10-2 


By analytic continuation to regions 73, 74, etc., we can extend the original region of definition to other 
parts of the complex plane. The functions F(z), F2(z), F3(z),..., defined in R1, R2, R3,..., respectively, 
are sometimes called function elements or simply elements. It is sometimes impossible to extend a function 
analytically beyond the boundary of a region. We then call the boundary a natural boundary. 

Suppose a function F(z) defined in R, is continued analytically to region R,, along two different paths 
[Fig. 10-3]. Then the two analytic continuations will be identical if there is no singularity between the paths. 
This is the uniqueness theorem for analytic continuation. 

If we do get different results, we can show that there is a singularity (specifically a branch point) between 
the paths. It is in this manner that we arrive at the various branches of multiple-valued functions. In this 
connection, the concept of Riemann surfaces [Chapter 2] proves valuable. 

We have already seen how functions represented by power series may be continued analytically 
(Chapter 6). In this chapter, we consider how functions with other representations (such as integrals) may 
be continued analytically. 
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Fig. 10-4 


10.2 Schwarz’s Reflection Principle 


Suppose that F)(z) is analytic in the region R, [Fig. 10-4] and that F)(z) assumes real values on the part 
LMN of the real axis. 

Then Schwarz’s reflection principle states that the analytic continuation of F\(z) into region 7 
(considered as a mirror image or reflection of R,; with LMN as the mirror) is given by 


F(z) = Fi@) (10.1) 


The result can be extended to cases where LMN is a curve instead of a straight line segment. 


10.3 Infinite Products 


Let P, = (1+w )( +w2)---(1+w,) be denoted by [];_, (1 + w,) where we suppose that for all k, 
wey #—1. If there exists a value P40 such that lim,..P, =P, we say that the infinite product 


(1+ wi) + w2)--- = FZ, + wy), or simply [] (1 + wx), converges to P; otherwise it diverges. The 
quantities w;, may be constants or functions of z. 
If only a finite number of the quantities w; = —1 while the rest of the infinite product omitting these 


factors converges, the infinite product is said to converge to zero. 


10.4 Absolute, Conditional and Uniform Convergence of Infinite Products 


Suppose the infinite product [] (1 + |w«|) converges. We then say that [| (1 + wx) is absolutely convergent. 

Suppose [| (1 + w;) converges but [] (1 + |w;|) diverges. We then say that |] (1 + w,) is conditionally 
convergent. 

An important theorem, analogous to one for infinite series, states that an absolutely convergent infinite 
product is convergent, i-e., if [[ (1 + |wz|) converges, then [] (1 + w;) converges (see Problem 10.65). 

The concept of uniform convergence of infinite products is easily defined by analogy with infinite series 
or sequences in general. Thus, if []z_, {1 + we(z)} = Pa(z) and [] 2, {1 + we(z)} = P(2), we say that P,,(z) 
converges uniformly to P(z) ina region R if, given any € > 0, we can find a number N, depending only on € 
and not on the particular value of z in 7, such that |P,,(z) — P(z)| < € for alln > N. 

As in the case of infinite series, certain things can be done with absolutely or uniformly convergent 
infinite products that cannot necessarily be done for infinite products in general. Thus, for example, we 
can rearrange factors in an absolutely convergent infinite product without changing the value. 
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10.5 Some Important Theorems on Infinite Products 


1. A necessary condition that [| (1 + w;) converge is that lim,_,.. w, = 0. However, the condition is 
not sufficient, i.e., even if lim,... w, = 0, the infinite product may diverge. 

2. If >> |we| converges [i-e., if }> we converges absolutely], then [] (1 + |we|), and thus [] (1 + wx), 
converges [i.e., |] (1 + w;) converges absolutely]. The converse theorem also holds. 

3. Ifan infinite product is absolutely convergent, its factors can be altered without affecting the value 
of the product. 

4. Suppose in a region R, |wz(z)| < My, k = 1, 2, 3,..., where M;, are constants such that > M;, 
converges. Then |] {1 + w;(z)} is uniformly (and absolutely) convergent. This is the analog of 
the Weierstrass M test for series. 

5. Suppose w;(z), k = 1, 2, 3,..., are analytic in a region R and >> w;(z) is uniformly convergent in 
R. Then [| {1 + w;(z)} converges to an analytic function in R. 


10.6 Weierstrass’ Theorem for Infinite Products 


Let f(z) be analytic for all z [i-e., f(z) is an entire function] and suppose that it has simple zeros 


at dj, a2, a3,... where 0 < |a;| < |a2| < |a3| <--- and lim,.. |a,| = 0. Then, f(z) can be expressed 
as an infinite product of the form 
fle) = fOpel TT] | ( len =) el (10.2) 
k=1 ak 
A generalization of this states that if f(z) has zeros at a, #0, k = 1, 2, 3,..., of respective multiplicities 


or orders p,, and if for some integer N, )°7_, 1/aW’ is absolutely convergent, then 


mad lz 1 —17) He 
fee) = fe" Tf (1 =) exp| = ae ao ae ie [|| (10.3) 


where G(z) is an entire function. The result is also true if some of the a;’s are poles, in which case their 
multiplicities are negative. 
The results (10.2) and (10.3) are sometimes called Weierstrass’ factor theorems. 


10.7 Some Special Infinite Products 

ee a i 

1. sine =e at oH: i =:[](1- és) 
a z = 42° 

ea ! aol sum} ae I] (: Qk ned) 

< 2 2 08. aa 
3. sinh =2{1 +5} 14 oh =| +] 

2 2 fo) A7? 

4. coshz= {he + hI! + | ae I] (1 + Ok- De — — 


10.8 The Gamma Function 


For Re{z} > 0, we define the gamma function by 


TQ = [tet dt (10.4) 
0 
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Then (see Problem 10.11), we have the recursion formula 
T(zt+ 1) = ZF) (10.5) 


where I'(1) = 1. 
Let z be a positive integer n. We see from (10.5) that 


Ta+1)=ntn—-1)-:-() =n! (10.6) 


so that the gamma function is a generalization of the factorial. For this reason, the gamma function is also 
called the factorial function and is written as z! rather than ['(z + 1), in which case we define 0! = 1. 

From (10.5), we also see that if z is real and positive, then I'(z) can be determined by knowing the values 
of T(z) for 0 < z < 1. If z= 5, we have [Problem 10.14] 


r(;) =/a (10.7) 


For Re{z} < 0, the definition (10.4) breaks down since the integral diverges. By analytic continuation, 
however, we can define [(z) in the left hand plane. Essentially, this amounts to use of (10.5) [see 
Problem 10.15]. At z= 0, —1, —2,..., I'(z) has simple poles [see Problem 10.16]. 


10.9 Properties of the Gamma Function 


The following list shows some important properties of the gamma function. The first two can be taken as 
definitions from which all other properties can be deduced. 
1-2-3---k 


1. I(z+ 1) = lim kK = lim k 
@+)= lm (gaa Gab’ Em [[@» 
where [| (z, k) is sometimes called Gauss’ [| function. 
Di 1 yz = | =| —2/k 
——~ = ze 1+ -fe 
1) I] k 
ikem 1 
where y= lim {! + 5 + 3 f..-f--— inp| = 5772157... is called Euler’s constant. 
poo Dp 
3. T@rd-)y=— 
sin 7Z 


In particular, if z = 5. T (3) = /T. 


a 2I1T Or (: + 5) = Jal (22) 


This is sometimes called the duplication formula for the gamma function. 


5. Form=1, 2, 3,..., 


P(r (- + =) (z + =) vee r(z + “—*) = mU-m) 2)" DPT mz) 
m m m 


Property 4 is a special case of this with m = 2. 
FD rea ed Vis eee a 1 < 
TZ) 2 1 2z 2 z+i1 n z+tn-1 


7. (1) = [tinea =-y 
0 


a 


CHAPTER 10 Special Topics 


1 
8. (2 = ae | | £6" dt 
Cc 


where C is the contour in Fig. 10-5. This is an analytic continuation to the left hand half plane of the 
gamma function defined in (10.4). 


t plane 


Fig. 10-5 


9. Another contour integral using contour C [Fig. 10-5] is given by 


PZ) = — | (-t¥ 'e* dt = — oh | (—t) *e' dt 
2 sin 77z ai 
c C 


10.10 The Beta Function 


For Re{m} > 0, Re{n} > 0, we define the beta function by 
1 


Bm, n) = jenn — 1)" dt (10.8) 
0 
As seen in Problem 10.18, this is related to the gamma function according to 
Ta) 
Bon, n) =< Lek 


mire cone 


Various integrals can be expressed in terms of the beta function and thus in terms of the gamma function. 


Two interesting results are 
1/2 


oe 7 1 Tm) 
2m—1 2n—-1 ey = 
| sin 0 cos 6d0= 5 Bim, n) = Tim +n) (10.10) 
0 
{ peo} lpr 7 
l= dt = Bip, 1—p) = (pd —-p)= pa (10.11) 
0 


the first holding for Re{m} > 0 and Re{n} > 0, and the second holding for 0 < Ref p} < 1. 
For Re{m} < 0 and Re{n} < 0, the definition (10.8) can be extended by use of analytic continuation. 


10.11 Differential Equations 


Suppose we are given the linear differential equation 
Y" + p(@)Y' + q@)Y =0 (10.12) 


If p(z) and q(z) are analytic at a point a, then a is called an ordinary point of the differential equation. Points 
at which p(z) or g(z) or both are not analytic are called singular points of the differential equation. 


EXAMPLE 10.1 For Y" + zY’ + (2? —4)Y =0, every point is an ordinary point. 
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EXAMPLE 10.2 For (1 — 22)¥” — 2zY’+ 6Y = O or Y" — {2z/(1—2)}Y' + {6/(1 — 2) }¥ = 0, we note that 
z= +1 are singular points; all other points are ordinary points. 


Let z = abe a singular point but (z — a)p(z) and (z — a)*q(z) are analytic at z = a. Then z = ais calleda 
regular singular point. If z = a is neither an ordinary point or a regular singular point, it is called an irre- 
gular singular point. 


EXAMPLE 10.3 In Example 10.2, z = 1 is a regular singular point since 


2z 2z af 6 6 — 62 
@ i( ia) z+1 om ow (<3) z+1 


are analytic at z= 1. Similarly, z= —1 is a regular singular point. 


EXAMPLE 10.4 2 Y” + (1 —z)Y’—2Y = 0 has z= 0 as a singular point. Also, 


1-z 1—z of 2 2 
( 2 ie 2 me (-3)=-2 


are not analytic at z = 0, so that z = 0 is an irregular singular point. 


If Y\(z) and Y2(z) are two solutions of (10.12) that are not constant multiples of each other, we call the 
solutions linearly independent. In such a case, if A and B are any constants, the general solution of (10.12) is 


Y = AY, + BY> (10.13) 
The following theorems are fundamental. 


THEOREM 10.1. Let z = a be an ordinary point of (10.12). Then there exist two linearly independent 
solutions of (12) having the form 
Yaz — a) (10.14) 
k=0 
where the constants a; are determined by substitution in (10.12). In doing this, it may be 
necessary to expand p(z) and g(z) in powers of (z — a). In practice, it is desirable to 
replace (z — a) by a new variable. 


The solutions (10.14) converge in a circle with center at a, which extends up to the nearest singularity of 
the differential equation. 


EXAMPLE 10.5 The equation (1 — z*)Y” — 2zY’ + 6Y = 0 [see Example 10.2] has a solution of the form 
> a,z* that converges inside the circle |z| = 1. 
THEOREM 10.2. Suppose z = a is a regular singular point. Then there exists at least one solution having 
the form 


(— a) >) axle — a (10.15) 
k=0 


where c is a constant. By substituting into (10.12) and equating the lowest power of 
(z — a) to zero, a quadratic equation for c (called the indicial equation) is obtained. If 
we call the solutions of this quadratic equation c, and co, the following situations arise. 


1. c; —c2 #an integer. In this case, there are two linearly independent solutions 
having the form (10.15). 
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2. C, = C2. Here one solution has the form (10.15) while the other linearly indepen- 
dent solution has the form 


In(z — a) SS bi(z — ayt° (10.16) 


k=0 


3. c) — C2 =an integer £0. In this case, there is either one solution of the form 
(10.15) or two linearly independent solutions having this form. If only one solution 
of the form (10.15) can be found, the other linearly independent solution has the 
form (10.16). 


All solutions obtained converge in a circle with center at a, which extends up to the nearest singularity of 
the differential equation. 


10.12 Solution of Differential Equations by Contour Integrals 


It is often desirable to seek a solution of a linear differential equation in the form 


Y(z) = ; K(z, t)G(t) dt (10.17) 
C 
where K(z, t) is called the kernel. One useful possibility occurs when K(z, t) = e“’, in which case 
Y= | e'G(t) dt (10.18) 
Cc 


Such solutions may occur where the coefficients in the differential equation are rational functions 
(see Problems 10.25 and 10.26). 


10.13 Bessel Functions 


Bessel’s differential equation of order n is given by 
2Y" +2¥' + (2 —n’)¥ =0 (10.19) 


A solution of this equation when n > 0 is 


n 2 4 
Zz r4 Zz 
JZ) = 1 vee 10.20 
@) 2'T'(n + 1) 2(2n + 2) = 2+ 4(2n + 2)(2n + 4) ( ) 
which is called Bessel’s function of the first kind of order n. 
If n is not an integer, the general solution of (10.18) is 
Y =AJ,(z) + BJ_»(2) (10.21) 


where A and B are arbitrary constants. However, if m is an integer, then J_,(z) = (—1)"J,(z) and (10.20) 
fails to yield the general solution. The general solution in this case can be found as in Problems 10.182 
and 10.183. 

Bessel functions have many interesting and important properties, among them being the following. 


elt 1/0/2 — a Ji(z)t" 


n=—0 


The left side is often called the generating function for the Bessel functions of the first kind for 
integer values of n. 
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2. wWn—1(Z) — 2nd n(Z) + Wn4i(Z) = 


This is called the recursion formula for Bessel functions [see Problem 10.27]. 


d d 
: — {2"Jn(Z)} = 2°Sn-1(2); = {z "Jn(z)} SSo5 nt+-1(Z) 
dz dz 
if . . 
4. JAZ) = =| cos(n@ — zsin¢d)dd, n= integer 
T 
0 
1f Z | 
5. Jn(Z) = = | cosing —zsind)dd— =| end-zsinh } yp 
o 0 
& 
n(bz)J}, b '(b 
° | Pans. hivdt =O Ce) ON MOON nay 
ory 
0 
v4 
J (bz) In— bzI Jn_1(b 
7. | sicansoryar =“ (bz)Jn—1(aZ) — bzIn(az)Jn—1¢ 2) ae 
be @ 
0 
t 2 
8. | eancany dt = (Wala)? = In—(aZ)Jn41(az)] 
0 
1 
9. In(Z) = —— | pr le(l/D-W/) ge = 0, +1, 42... 
27 
C 
where C is any simple closed curve enclosing t = 0. 
1 
ny izt 2\n—1/2 
n = “(JT — 
Jn(zZ) aos |e ( t’) dt 
-1 
=aaaas: ah = Hz | costceos ) sin?" db 
0 


A second solution to Bessel’s differential equation, when n is a positive integer, is called Bessel’s func- 
tion of the second kind of order n or Neumann’s function and is given by 


peo ee ee z 2k—n 
Y,(z) = Jp(z) Inz oe k\ (3) 


k=0 


(10.22) 


pee (5 ) "tem + Gin +b} 
22 (Rt + WY 2 


where G(k) = 1+4444.-.-+4 1/k and G(0) = 0. 


If n = 0, we have 


e.g 1 zo ‘oe 
Yo(2) = Jo) Inz +55 sags 1+=)+ 1+i+ vee (10.23) 
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In terms of these, the general solution of (10.19), when x is a positive integer, can be written 


Y =AJ,(z) + BY,(2) (10.24) 


10.14 Legendre Functions 


Legendre’s differential equation of order n is given by 
(—2)Y" —22¥Y’ +n(n4+ 1)¥ =0 (10.25) 


The general solution of this equation is 


y=alt mn ae n+ 3) 4 | 
, (10.26) 
val: cates) ee eae), sal 


If 1 is not an integer, these series solutions converge for |z| < 1. If is zero or a positive integer, polynomial 
solutions of degree n are obtained. We call these polynomial solutions Legendre polynomials and denote 
them by P,,(z), n = 0, 1, 2, 3,.... By choosing these so that P,,(1) = 1, we find that they can be expressed 
by Rodrigues’ formula 


P,(Z) = 


an ae — 1)" (10.27) 


from which Po(z) = 1, P\(z) = z, P2(z) = 5 (327 — 1), P3(z) = 5 (527 — 3z), etc. 
The following are some properties of Legendre polynomials. 


1. P,,(z)t” 
v1— eee => 2 


This is called the generating function for Legendre polynomials. 


2 P(2)= Con | rn nn—-tly) yr n(n — 1)(n— 2)(n— 3) 4 - } 
2"(n!) 2(2n — 1) 2-4(2n — 1)(2n — 3) 
(1? — ye 
3. P,(z) = ai a oe am dt 


where C is any simple closed curve enclosing the pole ¢ = z. 


i 


0 ifmAn 
| Pu(Pde=) _* it man 
aa 2n + 1 
[See Problems 10.30 and 10.31.] 
1 T 
S. Pr =~ [e+ v2 —lcos 6]" dd 
0 
[See Problem 6.34] 
6: (n + L)Pa4i(z) — Qn + 1)zPp(z) + nPp-1(z) = 0 


This is called the recursion formula for Legendre polynomials [see Problem 10.32]. 
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7. (2n + 1)P,(z) = P,,41(2) — P,_1@) 


If n is a positive integer or zero, the general solution of Legendre’s equation can be written as 


Y = AP,,(z) + BQ,(z) (10.28) 


where Q,,(z) is an infinite series convergent for |z| < 1 obtained from (10.26). If n is not a positive integer, 
there are two infinite series solutions obtained from (10.26) that are convergent for |z| < 1. These solutions 
to Legendre’s equation are called Legendre functions. They have properties analogous to those of the 
Legendre polynomials. 


10.15 The Hypergeometric Function 


The function defined by 


a:b ala+lb(b+1) , 
IS alae eed 7 ee aa 


(10.29) 


is called the hypergeometric function and is a solution to Gauss’ differential equation or the hypergeometric 
equation 


21 —2Y" +{e—-(atb+ gy —abY =0 (10.30) 


The series (10.29) is absolutely convergent for |z| < 1 and divergent for |z| > 1. For |z| = 1, it converges 
absolutely if Re{c — a — b} > 0. 
Suppose |z| < 1 and Re{c} > Re{b} > 0. Then, we have 


1 
ates PO) b-17y _ ye-b-1yy 44)" 
F(a, b3c3z) = Tole —b |e (1-1) (1 — tz) “dt (10.31) 


0 


For |z| > 1, the function can be defined by analytic continuation. 


10.16 The Zeta Function 


The zeta function, studied extensively by Riemann in connection with the theory of numbers, is defined 
for Re{z} > 1 by 


1 1 1 any 
(= atte =e (10.32) 


It can be extended by analytic continuation to other values of z. This extended definition of 2(z) has the 
interesting property that 


C0 — z) = 2! “a T(z) cos(1z/2) Lz) (10.33) 
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Other interesting properties are as follows. 


1. 1 oO! 
&(z) => rola dt Re{z} >0 
0 


2. The only singularity of £(z) is a simple pole at z = | having residue 1. 


3. If By, k = 1, 2, 3,..., is the coefficient of z* in the expansion 
1 1 - B,2?* 
= tt — —|- pS = 
a (5:) 2 Ob 
then 
Q2k-1 72k Be 
2k) = —————-_ k= 1, 2, 3.,... 
£(2k) Ob! 


We have, for example, B; = 1/6, B, = 1/30,..., from which £(2) =  /6, (4) = 4190, sont 
The numbers B; are called Bernoulli numbers. For another definition of the Bernoulli numbers, 
see Problem 6.163, page 203. 


‘ to= (-3)(0-3)0-a(1-#) = TI0-9) 


where the product is taken over all positive primes p. 


Riemann conjectured that all zeros of ¢(z) are situated on the line Re{z} = 5, but as yet this has neither 
been proved nor disproved. It has, however, been shown by Hardy that there are infinitely many zeros that 
do lie on this line. 


10.17 Asymptotic Series 


A series 


a a an 
Heo eee ye (10.34) 
Zk rari? 


is called an asymptotic series for a function F(z) if for any specified positive integer M, 


M 

a 
lim 242 F(z) — § 4! =0 10.35 
lim | () ay (10.35) 

In such a case, we write 

foe} an 
Foxy = 10.36 
(z) By (10.36) 


Asymptotic series, and formulas involving them, are very useful in evaluation of functions for large 
values of the variable, which might otherwise be difficult. In practice, an asymptotic series may diverge. 
However, by taking the sum of successive terms of the series, stopping just before the terms begin to 
increase, we may obtain a good approximation for F(z). 

Various operations with asymptotic series are permissible. For example, asymptotic series may be added, 
multiplied or integrated term by term to yield another asymptotic series. However, differentiation is not 
always possible. For a given range of values of z, an asymptotic series, if it exists, is unique. 
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10.18 The Method of Steepest Descents 


Let I(z) be expressible in the form 


I(2) = jae dt (10.37) 
Cc 


where C is some path in the ¢ plane. Since F(t) is complex, we can consider z to be real. 
The method of steepest descents is a method for finding an asymptotic formula for (10.37) valid for large 
z. Where applicable, it consists of the following steps. 


1. Determine the points at which F’(t) = 0. Such points are called saddle points, and for this reason 
the method is also called the saddle point method. 
We shall assume that there is only one saddle point, say to. The method can be extended if there 
is more than one. 
2. Assuming F(t) analytic in a neighborhood of fo, obtain the Taylor series expansion 
w 2: 
F(t) = Ft) + OE OY 5 = FW) (10.38) 
Now deform contour C so that it passes through the saddle point fo, and is such that Re{F(4)} is 
largest at to while Im{F(t)} can be considered equal to the constant Im{F(f9)} in the neighborhood 
of to. With these assumptions, the variable u defined by (10.38) is real and we obtain to a high 
degree of approximation 


t 
I(z) = ef) | ew (5) du (10.39) 
du 
where from (10.38), we can find constants bo, b;,... such that 
dt 2 
Hy 00 t bie + bon fee. (10.40) 


3. Substitute (10.40) into (10.39) and perform the integrations to obtain the required asymptotic 


expansion 
1b) 1-3b4 1-3-5 
1a) ~ [Zep + Diels, Oe -} (10.41) 
Zz 


Dg * 250 2 eS 


For many practical purposes, the first term provides enough accuracy and we find 


—27 
I@ ~ ,J——~ eF 10.42 
(Z) VF)” (10.42) 


Methods similar to the above are also known as Laplace’s method and the method of stationary phase. 


10.19 Special Asymptotic Expansions 


1. The Gamma Function 


1 1 139 

Tiz+1)~ V2mz7e%41 ve 10.43 
a ae | * 122 * 2882 ~ 51,8402 7 eee) 
This is sometimes called Stirling’s asymptotic formula for the gamma function. It holds for large 


values of |z| such that —7 < argz < 7. 
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Let n be real and large. Then we have 


Tin +1) = V2ann"e"e'"_— where 0< 0< 1 (10.44) 
In particular, if n is a large positive integer, we have 
nl ~ /2ann"e" (10.45) 
called Stirling’s asymptotic formula for n}. 


2. Bessel Functions 


Jn(Z) ~ 2 {Po cos (: — iam - ; n) + Q(z) sin(< _ am _ ; n) (10.46) 


©. (—1)'[4n? — 1 ][4n? — 3] --- [4n? — 4k — 17] 
PQ) =1+) (2k)! 26k 22k 


where 


k=1 


(10.47) 
Q(z) = 3 (—1)*[4n? — 17][4n? — 3°]--- [4n? — (4k — 397] 
os = (2k — 1)!264—-3z2k-1 
This holds for large values of |z| such that —a < argz < 7. 
3. The Error Function 
Zz 2 0 
pan ee ze* P{k — (1/2)} 
f(2)=—=|eTdt~1 1 10.4 
erf(2) <zle deste (10.48) 


0 


This result holds for large values of |z| such that —7/2 < argz < m/2. For 7/2 < argz < 37/2, 
the result holds if we replace z by —z on the right. 


4. The Exponential Integral 


: te 1k! 

Ei(z) = | — dt~ e? 10.4 

i(z) | —adt~e x el (10.49) 
& 


This result holds for large values of |z| such that —a7 < argz < 7. 


10.20 Elliptic Functions 


The integral 


Ww 


dt 

z= | |k} <1 (10.50) 
} /a-P)d — PP) 

is called an elliptic integral of the first kind. The integral exists if w is real and such that |w| < 1. By analytic 


continuation, we can extend it to other values of w. If t = sin 6 and w = sin @, the integral (10.50) assumes 
an equivalent form 


i do 
z= | ———_ (10.51) 
i — k? sin? 6 


where we often write @ = am z. 
Suppose k = 0, then (10.50) becomes z = sin“ w or, equivalently, w = sinz. By analogy, we denote 
the integral in (10.50) when k 40 by sn-!(w; k) or simply sn~'w when k does not change during a 


1 
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given discussion. Thus 


Ww 


=| dt 
= = 10.52 
z=sn 'w la =e ( ) 


This leads to the function w= snz, which is called an elliptic function or sometimes a Jacobian 
elliptic function. 
By analogy with the trigonometric functions, it is convenient to define other elliptic functions 


enzg=Vl1l—sn?z, dnz=V1—Kk*sn?z (10.53) 


Another function that is sometimes used is tn z = (sn z)/(cnz). The following list shows various properties 
of these functions. 


1. sn(0)=0, cn(0)=1, dn@)=1, sn(—z)=-—snz, cn(—z)=cnz, dn(—z)=dnz 
2. (d/dz)snz = cnzdnz, (d/dz)cnz = —snzdnz, (d/dz) dnz = —k? snzcnz 


3. snz=sin(amz), cnz=cos(amz) 


d d 
A ee Se NZ + cn Zz; dn Z; snZ2 (10.54) 
1 — k? sn2 z, sn? z 
cn Zz; Cn z2 — $nz, SN Zz dn z; dnz 
en(z1 + 22) = (10.55) 
1 —k* sn? z sn? Z 
dn z, dnz) — k* snz; snz) cnz, cnz 
dn(z) + 2) = — sie ae (10.56) 


1 — k? sn? z sn? z> 


These are called addition formulas for the elliptic functions. 
5. The elliptic functions have two periods, and for this reason they are often called doubly-periodic 
functions. Let us write 


1 m/2 
do 
ron | = (10.57) 
) Ja a —kePe) J J1—Kk sin? 6 
1 a/2 
K' =| a = | ra (10.58) 
J Jd — 0 — k2?) J /1—k? sin” 6 , 


where k and k’, called the modulus and complementary modulus, respectively, are such that 
k’ = /1—k?. Then the periods of snz are 4K and 2iK’, the periods of cnz are 4K and 
2K + 2ik’, and the periods of dn z are 2K and 4iK’. It follows that there exists a periodic set of 
parallelograms [often called period parallelograms] in the complex plane in which the values 
of an elliptic function repeat. The smallest of these is often referred to as a unit cell or simply a cell. 


The above ideas can be extended to other elliptic functions. Thus there exist elliptic integrals of the 
second and third kinds defined, respectively, by 


12 
psy dt = | =e 6 dé (10.59) 


0 


Ww ob 
d 
= | dt = | i (10.60) 
J(L+ nt?),/( — )(1 — kt?) J(l+n sin’ 6)V 1 — k? sin” 0 
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SOLVED PROBLEMS 


Analytic Continuation 


10.1. 


10.2. 


10.3. 


Let F(z) be analytic in a region R and suppose that F(z) = 0 at all points on an arc PQ inside R 
[Fig. 10-6]. Prove that F(z) = 0 throughout 72. 
Solution 


Choose any point, say zp, on arc PQ. Then, in some circle of convergence C with center at Zo [this circle 
extending at least to the boundary of ® where a singularity may exist], F(z) has a Taylor series expansion 


F(z) = F(z) + F'(zo)(z — 20) +4 F "(zo )(z — 20) ++ 


But, by hypothesis, F(zo) = F’(zo) = F(z) = ++: = 0. Hence, F(z) = 0 inside C. 
By choosing another arc inside C, we can continue the process. In this manner, we can show that F(z) = 0 
throughout ?. 


Fig. 10-6 Fig. 10-7 


Given that the identity sin? z+ cos? z = 1 holds for real values of z, prove that it also holds for all 
complex values of z. 
Solution 


Let F(z) = sin? z + cos? z — 1 and let R be a region of the z plane containing a portion of the x axis [Fig. 10-7]. 
Since sin z and cos z are analytic in 7, it follows that F(z) is analytic in ‘R. Also F(z) = 0 on the x axis. 
Hence, by Problem 10.1, F(z) = 0 identically in R, which shows that sin? z+ cos? z = 1 for all zin R. Since 
R is arbitrary, we obtain the required result. 
This method is useful in proving, for complex values, many of the results true for real values. 


Let F\(z) and F(z) be analytic in a region R [Fig. 10-8] and suppose that on an arc PQ in R, 
F\(z) = F2(z). Prove that F(z) = F2(z) in R. 


Solution 


This follows from Problem 10.1 by choosing F(z) = F,(z) — F2(z). 


Fig. 10-8 Fig. 10-9 


CHAPTER 10 Special Topics 


10.4. Let F1(z) be analytic in region 7? [Fig. 10-9] and on the boundary JKLM. Suppose that we can find a 
function F(z) analytic in region ?, and on the boundary JKLM such that F\(z) = F(z) on JKLM. 
Prove that the function 


Fi(z) for zin Ry 


F(2= : 
F(z) for z in Ro 


is analytic in the region R, which is composed of R, and Rz [sometimes written R = R, + Ry]. 


Solution 


Method 1. This follows from Problem 10.3, since there can be only one function F(z) in 72 satisfying the 
required properties. 


Method 2. Using Cauchy’s integral formulas. 
Construct the simple closed curve SLTKS (dashed in Fig. 10-9) and let a be any point inside. From Cauchy’s 
integral formula, we have (since F(z) is analytic inside and on LTKL and since F(z) = F(z) on LTK) 


poe | ES | PAD pt ct |= dz 


27 zZ-—a 27 Z-a 227i J} z—a 
LTKL LTK KL 


Also, we have by Cauchy’s theorem (since F\(z)/(z— a) is analytic inside and on KSLK and since 
F\(z) = F(z) on KSL) 


ae } a= : [= det x |= dz 


~~ Oqi Z—a 27 Z-a 277i J} z—a 
KSLK KSL LK 


Adding, using the fact that F(z) = F(z) = F2(z) on LK so that the integrals along KL and LK cancel, 
we have since F(a) = F2(a) 


Fa) = 5 | ED 
771 Z—a 


LTKSL 


In a similar manner, we find 


! F(Z) 

a) — 2 

oS eer 
LTKSL 


so that F(z) is analytic at a. But since we can choose a to be any point in the region R by suitably 
modifying the dashed contour of Fig. 10-9, it follows that F(z) is analytic in R. 


Method 3. Using Morera’s theorem. 
Referring to Fig. 10-9, we have 


F@)dz= | F(z) dz+ | F(z) dz+ | F(z)dz+ | F(z) dz 
KSLTK KSL LK KL LTK 


= | Fy(zydz+ | F,(z)dz=0 
KSLK KLTK 


by Cauchy’s theorem. Thus, the integral around any simple closed path in 7 is zero, and so, by Morera’s 
theorem, F(z) must be analytic. 
The function F(z) is called an analytic continuation of F(z). 
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10.5. (a) Prove that the function defined by F\(z)=z—-2+2—2++--- is analytic in the region 
|z| < 1. (b) Find a function that represents all possible analytic continuations of F(z). 


Solution 


(a) By the ratio test, the series converges for |z| < 1. Then, the series represents an analytic function in this 


region. 
(b) For |z| < 1, the sum of the series is F2(z) = z/(1 + z). But, this function is analytic at all points except 
z= -—1. Since F2(z) = F\(z) inside |z| = 1, it is the required function. 


10.6. (a) Prove that the function defined by F)(z) = ile Pe“ dt is analytic at all points z for which 
Re{z} > 0. (b) Find a function that is the analytic continuation of F\(z) into the left hand 
plane Re{z} < 0. 


Solution 


(a) On integrating by parts, we have, when Re{z} > 0, 


M->oo 


“34K : et , et ; et et 
- pa fe()-00()+e(S) (2) 


, {5 Mee = 3M%e™  6Me—M “| 6 
= lim = 
M->0o0 Za Zz 2 23 val Zz 


0° M 
[few dt = lim [few dt 
0 0 


(b) For Re{z} > 0, the integral has the value F2(z) = 6/z*. But this function is analytic at all points except 
z= 0. Since F;(z) = F\(z) for Re{z} > 0, we see that F,(z) = 6/z*+ must be the required analytic 
continuation. 


Schwarz’s Reflection Principle 
10.7. Prove Schwarz’s reflection principle (see page 320). 


Solution 


Refer to Fig. 10-4, page 320. On the real axis [y = 0], we have F\(z) = F(x) = F\(x) = F|@. Then, by 
Problem 10.3, we have only to prove that F(z) = F2(z) is analytic in Ro. 

Let F(z) = U(x, y) + iVi (x, y). Since this is analytic in 7, [i.e., y > 0], we have by the Cauchy— 
Riemann equations, 


ee. = (1) 


where these partial derivatives are continuous. 
Now, F(Z) = Fi (x — iy) = Uj (x, —y) + iVi(x%, —y), and so F\(z) = Ui(%, —y) —iVi(, —y). If this is to 
be analytic in R2, we must have, for y > 0, 


av, — a—Vi) a—-Vi) OU 


ax {—y)’ ax (-y) . 
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But these are equivalent to (1), since 


a-Vi)_ av, A-V)_— avy aU, Uy 
A-y) dy’ ax x ay) ay 


Hence, the required result follows. 
Infinite Products 


10.8. Prove that a necessary and sufficient condition for eae (1 + |wg|) to converge is that >> |we| 
converges. 


Solution 


Sufficiency. If x > 0, then 1 +x < e* so that 


Pn =[ [+ bral) = 1+ boi + Lwal) + Lal) < elttlelval lial = qbnltivalt--thee 
k=1 


If )°2., [wel converges, it follows that P,, is a bounded monotonic increasing sequence and so has a limit, 
ie., []e, d+ wel), converges. 


Necessity. If S, = )“y_, |wel, we have 


Py = (1+ [wil + |wal)--- CE + [wal) = 1+ [wil + lwo] +++ wa] = 14+ Sn 2 1 


If lim, +o P, exists, 1.e., the infinite product converges, it follows that S,, is a bounded monotonic increasing 
sequence and so has a limit, i.e., )°¢_, |we| converges. 


00 2 
10.9. Prove that n( — *) converges. 


Solution 


Let wy = —(2/k’). Then |we| = |z|?/k? and [wel = [el? 1/K converges. Hence, by Problem 10.8, the 


infinite product is absolutely convergent and thus convergent. 


: a Zz = = a 
10.10. Prove that sinz = (1 =) (1 i) (1 <3) = z|| (1 = a) 


Solution 


From Problem 7.35, page 233, we have 


, -. z 
Then, — 1-——\}. 
cule TT ( aa) 
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The Gamma Function 
10.11. Prove that [(z + 1) = zI(z) using definition 10.4, page 321. 
Solution 


Integrating by parts, we have if Re{z} > 0, 


M 


Zot Je Z\f__,-t 
He“ dt = lim 4 (F\(—e“) 


Tz+)= [re dt = jim 
0 0 


oe, & 


M 
= | tyme ar 
0 
= z| te dt = T(z) 
0 


10.12. Prove that '(m) = 2 | "le de m> 0. 
0 


Solution 


If t = x”, we have 


Tq) = | le dt = | 2" le 2x dx =2 [ees dx 
0 0 0 


The result also holds if Re{m} > 0. 


10.13. Prove that [(z)P(1 — z) = — ' 
sin 7z 


Solution 


We first prove it for real values of z such that 0 < z < 1. By analytic continuation, we can then extend it to 
other values of z. 
From Problem 10.12, we have for 0 < m < 1, 


0 


“4 


0 


g2m—lyl—2m oH) dy dy 


| 
| 


In terms of polar coordinates (r, 0) with x = rcos 0, y = rsin 6, this becomes 


7/2 o ; a)? 
4 | | (tan'-?”" @)\(re~" ) dr dO = 2| tan'-?” 9d@ = — 
0 Sin M7 


T 


6=0 r=0 


using Problem 7.20, page 223, with x = tan? 6 and p = 1 — m. 


10.14. 


10.15. 


10.16. 
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Prove that (4) = 2 [edu = /7. 


Solution 


From Problem 10.12, letting m = 5, we have 


since [ (5) > 0. Thus, the required result follows. 
Another Method. As in Problem 10.13, 


(r@y = 72 | e* deb} 2 | e*dyt| =4 ages dx dy 
‘ 0 00 
m/2 po 5 
=4] | e'rdrdd=7 
6=0 Jr=0 


from which (4) = J/7. 


By use of analytic continuation, show that '(—4) = —2,/7. 


Solution 


If Re{z} > 0, T(z) is defined by (10.4), page 321, but this definition cannot be used for Re{z} < 0. However, 
we can use the recursion formula I'(z + 1) = zI'(z), which holds for Re{z} > 0, to extend the definition for 
Re{z} < 0, i.e., it provides an analytic continuation into the left-hand plane. 

Substituting z=—} in T(z+1)=2I(z), we find TG) =—-4(-5) or I(-3)=—-2V/7 using 
Problem 10.14. 


T(iz+n+1) 


(a) Prove that [(z) = uz+ D(et+2)---(+n) 


(b) Use (a) to show that I'(z) is an analytic function except for simple poles in the left-hand plane 
at z= 0, —1, —2, —3,.... 


Solution 


(a) We have [(z+ 1) =a (2), Te4+2)=@4+ DPe4+ )D=(4+ DA, Pe+3) = @4+20(4+ 2) = 
(z+ 2)(z+1)zE(z) and, in general, T(z +n+1) = (ztn\(ztn—1)---(<+2)(z+ Dz2I() from 
which the required result follows. 

(b) We know that I'(z) is analytic for Re{z} > 0, from definition (10.4), page 321. Also, it is clear from 
the result in (a) that I'(z) is defined and analytic for Re{z} > —n except for the simple poles at 
z=0, -—1, —2,..., —n. Since this is the case for any positive integer n, the required result follows. 
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10.17. Use Weierstrass’ factor theorem for infinite products [equation (10.2), page 321] to obtain the 
infinite product for the gamma function [Property 2, page 327]. 


Solution 


Let f(z) = 1/['(z+ 1). Then f(z) is analytic everywhere and has simple zeros at z= —l, —2, —3,.... 
By Weierstrass’ factor theorem, we find 


1 inet Z 
— fx 142 )e-ek 
Tesp-° Il ( +i )e 


k=1 


To determine f’(0), let z= 1. Then, since (2) = 1, we have 


pie 1 ; M, 1 
= LOT] *\ Hk — of O 3; Il FY o-t/k 
aa k=1 (1+ ;)¢ id woe k=1 (1+;)¢ 


Taking logarithms, we see that 


7 Cee 1 1 1 1 _i _i , _ i 
PO belitatst ta M(t) (ta) “(+a | 
= im [1 apt : in| = y 
M- oo 2 3 M 


where y is Euler’s constant. Then, the required result follows on noting that [(z+ 1) = zI(z). 


The Beta Function 


10.18. Prove that B(m, n) = B(n, m). 
Solution 


Letting t= 1-4, 
1 1 
Bim, n) = [era —1)"!dt= fa — uy" du = B(n, m) 
0 0 


a/2 m/2 
10.19. Prove that B(m, n) = 2 | sin2”-!@ cos””"!@ da = 2 | cos”! @ sin”! 6 dé. 
0 0 


Solution 


Let ¢ = sin? 6. Then 
1 a/2 
Bin, n) = ferta —1)" d= | (sin? 6)! (cos? 6)"~!2 sin Ocos 6 dé 


0 0 


1/2 n/2 
=2 | sin”! cos””'6.d0 = 2 | cos”! @ sin”! 6 dé 
0 0 


by Problem 10.18. 


CHAPTER 10 Special Topics 


I 


10.20. Prove that B(m, n) = jen —1! d= 
0 


T(m)T(n) 
T(m+n) 


Solution 


From Problem 10.12, we have on transforming to polar coordinates, 


Tam) = | joreral | | yale» 6| -4 | [ee dx dy 
0 


0 0 0 
7/2 00 
=4 | (cos?! 6 sin?”—! @y(r2"42"—le—") dr dO 


6=0 r=0 


1/2 ro) 
= |: | cos7”"—! 9 sin?! ra | | naa = Bim, n)\T'(m + n) 


0 0 


where we have used Problem 10.19 and Problem 10.12 with r replacing t and m + n replacing m. From this, 
the required result follows. 


2 n/2 
10.21. Evaluate (a) |v x(2 — x) dx, (b) | vtan 6 dé. 
0 0 


Solution 


(a) Letting x = 21, the integral becomes 
1 1 
4t(1 — 1)2 dt = 4[rra — 1)!" dt = 4B(3/2, 3/2) 
0 0 
PEWG/2)_ 4VAW7) _ 7 
T@) 2 2 


=4 


1/2 1/2 
w | viandae | sin'™0 cos-¥70 40= 4064 9 


0 


i=) 


1 2 
=7(9rQ) Sea 


using Problems 10.13, 10.19, and 10.20. 


4 
64 [2 2 
3/2 2\1/2 
10.22. Show that |» (16 — y?)!/ w= 4 2 ire) 
0 


Solution 
Let y? = 161, ie., y = 4t'/*, dy = 2r-'/? dt. Then the integral becomes 


1 1 
| (80/4441 — 9/7 20-1? at} = 64 | "c — 1) dt 


0 


oO 


3 _ AT@LE) _ 4@F@OLO 
ray 
_lsyal) 1228/7 vO)  P irwyp 


21 1) 21 


using the fact that P'(4)I'(3) = 7/[sin(a/4)] = mV/2 [Problem 10.13]. 


CHAPTER 10 Special Topics 


Differential Equations 


10.23. Determine the singular points of each of the following differential equations and specify whether 
they are regular or irregular. 


1 2: a ae, 
@) 2Y"4+2%4(2—-n)¥=0 or recy+( "v=o 


(b) (@— IY" +2G@-1IPY¥+¥=0 or "+H 


1 
211 —2Y”"+Y'-Y=0 or y" Y’ Y=0 
ee cee are deo) 


Solution 


> are analytic at z= 0, itis a 


(a) z= 0 is a singular point. Since 2(1/z) = 1 and 2{(2 —n*)/7}=2 —n 
regular singular point. 

(b) At the singular point z = 1, (z — 1){2/(z — 1)} = 2 is analytic but (z — 1)? - {1/(z— LD} = {1/(z- 1)"} is 
not analytic. Then, z = 1 is an irregular singular point. 

(c) At the singular point z = 0, 


Freer irr a CS Fes) fare 
“20-oJ 2za-a So  * la pf ~1-z 


are not both analytic. Hence, z = 0 is an irregular singular point. 
At the singular point z = 1, 


a cSt) ed 
s »-taqnal =z a ae last = 2 


are both analytic. Hence, z = | is a regular singular point. 


10.24. Find the general solution of Bessel’s differential equation 


7y” a zy’ a (2 a n°’)Y = 0) 
where n #0, +1, +2,.... 


Solution 


The point z = 0 is a regular singular point. Hence, there is a series solution of the form Y = )-7__ agzkte 


where aq, = 0 fork = —1, —2, —3,.... By differentiation, omitting the summation limits, we have 


Y= kta, Y=) kt olkte = Wat 


Then 


ZY" = K+ Ok +e Vaz, 2 = Vk + aye? 


(2 _ nyy = » aye ter? = y nat? = » apart mee » nat? 


ZY" + eV + (C—W)Y =) {lk +c? — nla + ay a}e'* =0 


Adding, 


from which we obtain 


[(k +c)? —n? Jax + ax-2 = 0 (1) 


2 


If k = 0, (c* — n?)ap = 0; and if a9 4 0, we obtain the indicial equation c? — n* = 0 with roots c = £n. 


Case 1: c =n. 


From (1), [(k +) 
Ifk=1, a 


0. If k = 2, a 


n Jax + ap-2 = 0 or k(2n + kag + ag_2 = 0. 
{ag /2(2n + 2)}. If k = 3, ag = 0. 
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If k =4, a4 = —{a/4(2n + 4)} = {ao/2- 4(2n + 2)(2n + 4)}, etc. Then 


Z 


y= k+c __ n 1 Zz 
Yo az doz | n+ 2D) + 


Case 2: c = —n. 


The result obtained is 


2 


4 
a a | (2) 
-4(2n + 2)(2n + 4) 


Y= auz"{1 


which can be obtained formally from Case 1 on replacing n by —n. 


The general solution if n 40, +1, +2,... is given by 


(2 — dn) | 2-4Qn+DOn +A 


2 zs 
Y=Az"}1 t ee 
2(2n+2) 2-4(2n+2)(2n+4) 
2 

Zz Zz 
Bo" sd } as 4 
Wie 2(2—2n) 2-4(2 —2n)(4 — 2n) oa 
If n =0, +1, +2,... only one solution is obtained. To find the general solution in this case, we must 


proceed as in Problems 10.175 and 10.176. 


Since the singularity nearest to z = 0 is at infinity, the solutions should converge for all z. This is easily 


shown by the ratio test. 
Solution of Differential Equations by Contour Integrals 


Obtain a 
Y = $,e%G(t) dt. 


10.25. (a) 


solution of the equation z¥”+(2n+1)Y’+zY=0 having 


the form 


(b) By letting Y = z’U and choosing the constant r appropriately, obtain a contour integral sol- 


ution of z2U” + zU' + (22 — n?)U = 0. 


Solution 


(a) If Y = $.e%G(t)dt, we find Y’ = $.. te“G(t) dt, Y" = $. ?e“G(t) dt. Then, integrating by parts, assum- 
ing that C is chosen so that the functional values at the initial and final points P are equal [and the inte- 


grated part in zero], we have 


P 


2¥ = 0 ze“G(t) dt = e“G(t) 


Cc 


(2n+ 1)Y’ 


-4 e'G'(t) dt = — | e'G'(t) dt 
P 


Cc 


zy” _ ze" Git) d= | (ze”){?G(t)} dt 


Cc 
| (2n + 1)te“G(t) dt 
Cc 


EC 
P 
=e {PG} 


P 


Thus 


- | e{P Gn} dt 
Cc 


—— | e{PG(t)}' dt 


Cc 


zY” + (2n+ 1)Y' 4 ev =0= perl G'(t) + (2n + 1)tG(t) 
Cc 


{°-G(t)}']dt 
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This is satisfied if we choose G(f) so that the integrand is zero, i.e., 


(2n — 1)t 


G(t)+ (2n+ InG@) —{PGO}! =0 or Gi= PEA 


G(t) 
Solving, G(t) = A(? + 1y’—"/)) where A is any constant. Hence, a solution is 
Y=A | er +10 dt 


Cc 
(b) If Y¥=2'U, then Y’ = 2'U! +rz27!U and Y" = 2U" + 2rzv—!U' 4 r(r— 1)z72U. Hence 


ZY" + (Q2n+ 1)¥!’ +2¥ = 2°t!U" 4 2r’U' + r(r — 1)z7!U 


(Qn+ 1z'U + (Qn4+ Dre !U+2t'U 


As Zt U" [2rz” (2n 1)z"] U’ 


[rr — D2! + Qn + Vere’! + 2 4YWU 


The given differential equation is thus equivalent to 


2U" + (2rt+2n4 DU +[2+r% 4 2nr]U =0 


Letting r = —n, this becomes 77U” + 2U’ + (2 — n?)U = 0. 
Hence, a contour integral solution is 


U= Z"y = Az" e(r? + pyr? dt 
C, 


10.26. Obtain the general solution of Y” — 3Y’ + 2Y = 0 by the method of contour integrals. 


Solution 


Let Y= | e'G(t)dt, Y'= | te‘G(dt, Y" = | te'G(t)dt. Then 
(o: Cc Cc 
zt 


Y” —3Y'4 2 = $e (? — 3t+2)G(t) dt =0 
Cc 


is satisfied if we choose G(t) = 1/(t? — 3t + 2). Hence Y = | 


Cc 


>————~ dt 
e—3t+2 


If we choose C so that the simple pole t = 1 lies inside C while t = 2 lies outside C, the integral has the value 


2mie*. If t = 2 lies inside C while t = 1 lies outside C, the integral has the value Qmie~. 
The general solution is given by Y = Ae? + Be. 


Bessel Functions 
10.27. Prove that zJ,_1(z) — 2nJy(z) + WJn4i(Z) = 0. 
Solution 
Differentiating with respect to t both sides of the identity 


et/De0-110 = S* Faye" 


n=—0o 


yields 


1 “2 1 “ 
(1/2)z(t—1/1) J % *\UL z oe o— 1 
e {3 (1+3)}- Y (14+) tor = ) nJy(Z)t 


n=—0 


10.28. 


10.29. 
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that is, 


3 Wy(zyt" + x a,(2t > = y 2nJ,(2t" | 


n=—0o n=—0o n=—0o 


Equating coefficients of t” on both sides, we have 


WnlZ) + In42(2) = 20+ Dn 41 @) 


and the required result follows on replacing n by n — 1. 


Special Topics 


Since we have used the generating function, the above result is established only for integral values of n. 


The result also holds for non-integral values of n [see Problem 10.114]. 


1 ; ; : 
Prove J,(z) = aa | pe teal dt, where C is a simple closed curve enclosing t = 0. 
Ti 


Cc 
Solution 


We have e(!/2—-1/0 — S* J,,(z)t" 


m>=—% 


foe) 
so that f-"1eG/220-1/) yy pe—l yz) and 


m=—0 
foe) 
| pot! e/2)at— 1/0) d= De Jno} yaar! dt 
7 m=—0o 7 


Now, by Problems 4.21 and 4.22, page 132, we have 


pl gt = 277i =ifm=n 
~ 10 ifmsAn 
CG 


() 


(2) 


Thus the series on the right of (1) reduces to 277iJ,,(z), from which the required result follows. 


Prove that if a 4b, 


z{aJ,(bz) J) (az) — bJ,(az)J),(bz)} 


Va 
| tJ, (at)J,(bt) dt = po @ 
0 


Solution 


Y, = J,(at) and Y = J,(bt) satisfy the respective differential equations 


PY{ +1¥,+(@r —n’)Y, =0 


PY +1¥,+(b'? —n’)¥, =0 


Multiplying (1) by Y2, (2) by Y, and subtracting, we find 


P (YoY! —VYY¥3) +4(Y2Y, — N53) = (6? —@)PVY> 


This can be written 


d 
t reese ¥1¥3) + (YY, — Yi¥3) = (bh — @ YY 


or 


d i iA 
. {t(¥2Yi — Yi ¥3)} = (b? — a? )t¥ Yo 


Integrating with respect to t from 0 to z yields 


rs 
ra 
(b> — a) {oy Yy dt = (¥2Y; — Yi¥3) 
0 
0 


() 
(2) 
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or since a #b 


& 
| Uat)d,( bt) de = Lela CeIn az) — bInlaz),(b2)) 
be ge 
0 
Legendre Functions 
1 
10.30. Prove that | Pn (Z)P,(z) dz = 0 if m #n. 
-1 
Solution 
We have 
el rap) st 22P),, +m(m + 1)P» = 0 (1) 
(l— 2)P" — 2eP’ + n(n + DP, =0 (2) 


Multiplying (1) by P,, (2) by Pm, and subtracting, we obtain 


(L—2°){P, Ph, — PnP) } — 22{P,P, — PnP} = {n(n t+ 1) — mm + 1I)}PnPr 


which can be written 


d 2) IPP, PrP.) — 22{PrP i, — PnP.) = {n(n + 1) — mnt 1)}PmnPn 
x 


or 


d i | | 
Gh = 2) (PaPn = PmPn)} = (nr + 2) = mn + DP mPr 
Integrating from —1 to 1, we have 


1 
{n(n +1) —m(m +1)} | Pr@P idea 2 y(P,P = PaP,)| =0 
-l1 


from which the required result follows, since m # n. 
The result is often called the orthogonality principle for Legendre polynomials and we say that the Legendre 
polynomials form an orthogonal set. 


ifm=n. 


1 
10.31. Prove that | P,,(z)Pn = 
0.3 rove tha its (z)P,(z) dz mal 


Solution 


Squaring both sides of the identity, 


———_—————— P(t" 
V1—224+f =>, 


we obtain 


= i T-2¢+2 = Pn(OPyoe 


m=0 n=0 


Integrating from —1 to 1 and using Problem 10.30, we find 


1 
I: 1 1- = + 1—2¢+P msi Pin(Z)Pn(Z) ach em 


m=0 n=0 


=> (in {Pi(2)}? ac} 2 (1) 
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But the left side is equal to 


1 4. fle+t a 2 
Ind —2z2+7)) = -In(——])= pee 2 
2t at Fi \ t (7) est (2) 


n=0 


using Problem 6.23(c), page 185. Equating coefficients of 7” in the series (1) and (2) yields the required result. 
10.32. Prove that (n + 1)Py41(z) — n+ 1)zPr(Z) + nPp_1(z) = 0. 


Solution 


Differentiating with respect to t both sides of the identity 


1 foe} 
SS DE 
V1 — 22+ ye 
we have 
zat = n—-1 
———__— 5 = nP,,(z)t 
(1 = 22+ PY? 2 . 
Then, multiplying by 1 — 2zt + t?, we have 
(z—1) Sor = (1 — 2¢t+ 2?) s nP,(z)t" 
n=0 n=0 


or 


(oe) 


do Paley” — y Pa(gt"t? = Ss nP,(z)t" | — 3 2nzP,(z)t" + Son, 
n=0 n=0 n=0 n=0 


n=0 


Equating coefficients of t” on each side, we obtain 
ZPn(Z) — Pn-1(2) = (2 + 1)Pn4i@@) — 2nzPa(Z) + (2 — I)Pa—-1@) 


which yields the required result on simplifying. 


The Hypergeometric Function 


: 1 
10.33. Show that F(1/2, 1/2:3/2:2) = —. 
va 


Solution 
Since 
a-b afa+1)bb+1) 5 
ee eee sats 
(a, a4) Geet 1-2-c(c+1) cs 
we have 


CH AITT2) 5g MUIDOPUI2IG 12) 2 
1 - (3/2) 1-2-(3/2)(5/2) 
_ /2)3/2)(5/2)1/2)(3/2)(5/2) 6 , 


1-2-3- (3/2)(5/2)(7/2) 


cit hee Le sin”! z 
~~ "93°2-:45'2-4-.67. 2 


F(1/2, 1/2;3/2;27) =14 


using Problem 6.89, page 197. 
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The Zeta Function 


10.34. Prove that the zeta function &(z) = )-7_, 1/k* is analytic in the region of the z plane for which 


Re{z} => 1+ 6 where 6 is any fixed positive number. 


Solution 
Each term 1/k* of the series is an analytic function. Also, if x = Re{z} > 1+ 6, then 


1 1 1 
< 
exink kx — klt+é 


1 
ke 


1 
ecink 


Since 71 /k'*® converges, we see by the Weierstrass M test that ye 1/K converges uniformly for 


Re{z} > 1+ 6. Hence, by Theorem 6.21, page 172, £(z) is analytic in this region. 
Asymptotic Expansions and the Method of Steepest Descents 


10.35. (a) Let p > 0. Prove that 


F(z) = zptn 


—dt=e* 
tP gP pti zpt2 


ic {3 Pp Ppt) 


“ =t 
n+l e 
+l) ppt 1) (pm) | A dt 
v4 


(b) Use (a) to prove that 


e! _fl Dp p(p + 1) 
= ioe 
F(= | dt~e { pH Pa) 


z 


| 50 


that is, the series on the right is an asymptotic expansion of the function on the left. 


Solution 


(a) Integrating by parts, we have 


M 
et M 
Nie es Fart oa pe pe _p—t\(4-P = —_ pt) _ nr PP! 
h=|5 a= tim |e t dt= lim (—e“)(t fo e ')(—pt ) dt 
Zz Zz py Zz 
M 7 t ° t 
. et ee e é-* e e* 
2 ae zp MP P ppt dt; = 2 p | at ~~ p Plp+1 


z z 


Similarly, J,41 = (e*/2*') — (p+ Dlp42 so that 


e = e* ; e< pe~* ; 
Ih= p Pl pr (p+ II ps2¢ = Pp gH + P(p + 1 p+2 


By continuing in this manner, the result follows. 


(b) Let 


Pp pet) eat pee P A PS Sl) 
, pte gern 


5,(2) = | : 


2 pt 
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Then 
Nn et 
R,(2) = F(2) Sua) = (Dp + D- (vem | at 


Now, for real z > 0, 


IRn(Z)| = pep + (pm | at < pip+ Dm |e dt 


since 


edt e'dt=1 


no, 8 
IA 
Cs 8 


Thus 


P(p+1)---(p+n) 
2 7 


0 


lim |z"Rn(Z)| < lim 


and it follows that lim... z’Rn(z) = 0. Hence, the required result is proved for real z > 0. The result can 
also be extended to complex values of z. 
Note that since 


_ptn 
lz| 


Un+1 


= [Reeder m/e 
~ |p(p+1)---(ptn—1)/er" 


Un 
where u,, is the nth term of the series, we have for all fixed z 


Un+1 


Un 


n—>0o 


and the series diverges for all z by the ratio test. 


1 1 139 
10.36. Show that I I~ 2 <e<4 | or 
OPEN aT | + toz t 2982 ~ 31,8402 7 
Solution 
We have I'(z+ 1) = be te ‘dr. By letting 7 = zt, this becomes 


T(z +1= etl | Rear = etl | emerrar (1) 
0 0 


which has the form (10.37), page 330, where F(t) = Int — t. 
F'(t)=0 when t= 1. Letting t= 1+, we find, using Problem 6.23, page 185, or otherwise, the 


Taylor series 


2 3 4 
F(t) =Int—t=In(1 +w) atm=(w aia TH) ay 


@=1' ¢-14, 
2 3 7 
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Hence from (1), 


co 
Tz+)= a a as eas dt 
0 


foe) 
= gtlens | ew? /2 pew? /3—zw? /4+-- dw (2) 
-1 


Letting w = ./2/zv, this becomes 
Piet) = V2zte% | oP AW Pett ay (3) 
—a/ 2/2 


For large values of z, the lower limit can be replaced by —o, and on expanding the exponential, we have 
Ti+)~ J2ot26-% | etl of 2V22-V2y3 —zly ) +---}dv (4) 


or 


(5) 


i i 139 
T l)nw~J/2 ces) 1 4 f pares 
Cou TERS 12z * 28822 51,840z3 


Although we have proceeded above in a formal manner, the analysis can be justified rigorously. 


Another Method. Given 


2 


Gal sAy GSU 


Ft) =-1 } eas | 

@) 2 3 4 : 
Then 

> (@-1P (-IP 
2 3 

and by reversion of series or by using the fact that F(t) = Int — t, we find 

dt J2 2 

= bo + but bw? +---=/24 a4 Ae 
dip vr reane anes 2+ Gu to76M 


Then, from (10.41), page 330, we find 


LT ctl ,alln -1) Af ONT 18 f9/2 Th ce 
ie iz : \vi+5(% z 2-2\216) 2° 


or 


1 1 
Tit) ~ V2adze*41+—+ 4+ --- 
(z+ 1) TZ Ze + Ton + aeg3 Tt 


Note that since F”(1) = —1, we find on using (10.42), page 330, 


Tet )~ V2azZ7e* 


which is the first term. For many purposes this first term provides sufficient accuracy. 
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Elliptic Functions 


d d 
10.37. Prove: (a)—snz=cnzdnz, (b) —cnz=-—snzdnz. 
dz dz 


Solution 
dt 


Ja-®0 Be? | 


hen w = snz. Hence 


By definition, if z | 
0 


d dw 1 

= = = 1 2\(1 — k2w?) = d 

(a) ee de dda Vd —w)( w?) =cnzdnz 
d d 1 d 

(b) qn) = rae — sn’ z)!/? = 51 — sn? zy (sn z) 


1 
= ria — sn? z)7!/2(—2 sn z)(enzdnz) = —snzdnz 


10.38. Prove (a) sn(—z) = —snz, (b) cn(—z) = cnz, (c) dn(—z) = dnz. 


Solution 
Ww EP 
(a) Ifz= | , then w = snz. Let tf = —r; then 
; VU —#) — k2??) 
fi dr i dr 
l= or — ; 
‘ (1 —r?)(1 — k?r?) ‘ (1 — rr?) — k?r?) 
that is, sn(—z) = —w = —snz 


(b) en(—z) = Yl — sn*(—z) = V1 — sn?z = nz 
(c) dn¢ A =/1 k?2 sn?( jg=vl k2 sn2z= dnz 


10.39. Prove that (a) sn(z + 2K) = —snz, (b) cn(z + 2K) = —cnz. 


Solution 
3 do 
We have z= | ——————— 50 that @ = amz and sind = snz, cos @ = cnz. Now 
0 V1—k sin? 0 
o+7 7 b+ 
| dé | dé | dé 
) Vi-esinro JVi- sin? 9 J V1 esin? 9 
1/2 i) 
=? | do ; | dis 
} V1—k sin 6 ) /1 = sin? 


using the transformation 6 = 7+ yy. Hence, d+ 7= am (z+ 2K). 
Thus we have 

(a) sn(z+ 2K) = sin{am(z + 2K)} = sin(@+ m7) = — sin d = —anz 

(b) cn(z+ 2K) = cos{am(z + 2K)} = cos(@+ 7) = —cos d = —cnz 
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10.40. Prove that (a) sn(z + 4K) = snz, (b) cn(z+ 4K) = cnz, (c) dn(z + 2K) = dnz. 


Solution 


From Problem 10.39 


(a) sn(z+4K) = —sn(z+ 2K) = snz 


(b) cn(z+4K) = —cn(z+ 2K) = cnz 
(c) dn(g+2K) = J/1—ksn2(z+ 2K) = V1 — Kk sn2z = dnz 


Another Method. The integrand 1/./(1 — t?)(1 — k?#?) has branch points at t = +1 and t= +1/k in the ¢ 
plane [Fig. 10-10]. Consider the integral from 0 to w along two paths C; and Cy. We can deform C) into the 


path ABDEFGHJA + C,, where BDE and GHJ are circles of radius e€ while JAB and EFG, drawn separately 
for visual purposes, are actually coincident with the x axis. 


t plane t plane 
y y 
Ww Ww 
C; C 
Zz a 
ag ee Fee san 
e © x e a ee ay eh x 
Wk Wk -Uk W=I_ 7G F EV L/ vk 
Cy 
Fig. 10-10 Fig. 10-11 


We then have 


l-e 


dt =| dx | dt 
Ja-A0—RP) ) Jd — 20 — RX) | aye VE PL = Pe) 


Qomnse 


| dx | dx 
2 —J/(1 — x?)(1 — k2x?) J —J/(1 — x?)(1 — k2x?) 


0 


| dt | dx 
hy VW = Pd = PP) _) Vdd — Be?) 


| | dt 
') /a-Ad -RP) 


=4 
| Sars Reece: 


Cc 


| | dt | | dt 
aye VE ~ 0 = BP) yy VE = 2d = BP) 


where we have used the fact that in encircling a branch point, the sign of the radical is changed. 
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On BDE and GHJ, we have t= 1-—e'® and t= —1-+ e'®, respectively. Then, the corresponding 
integrals equal 


27 27 


| —iee!’ dé ; | e!9/? do 
€ 


J (2 — ec!)(ee'){1 — 11 — €e'¥)?} J J (2 — ee!) {1 — (1 — ee} 


27 27 


i 10 q 
iee'’ dd =ive| 


| 9/2 dé 
J /(ee®)(2 — eei®){1 — K2(-1 + ee9)} ; 


V2 — ee!*){1 — k2(-1 F eei®)?} 


As € — 0, these integrals approach zero and we obtain 


1 w 


dt P | dx ; | dt 
Vd —)0 — 2) Ja-20-R2 | J Ya-20- 22) 


0 0 


Qomnse 


Now, if we write 


: | dt 
— S Jad Bd — RP)’ 


0 
Ci 
then 
Ww dt 
z4 ax=| » Le, w=sn(z+4K) 
J(1 — 2) — kf?) 
C2 


and since the value of w is the same in both cases, sn(z + 4K) = sn z. 
Similarly, we can establish the other results. 


10.41. Prove that (a) sn(K + ik’) =1/k, (b) cn(K + ik’) = —ik’/k, (c) dn(K + ik’) = 0. 
Solution 


(a) We have 


Ca i dt 
0/0 —-R0 —k22) 
where k’ = 1 — k?. 
Let u = 1/V1 — k212. When t = 0, u= 1; whent = 1, u = 1/k. Thus as t varies from 0 to 1, u varies 
from 1 to 1/k. By Problem 2.43, page 69, with p = 1/k, it follows that /1 — ? = —ik’u/V1 — k?u?. 


Thus, by substitution, we have 
1/k 


F | du 
K=-i 
VU — v2) — k2u?) 


1 
from which 


1 I/k I/k 
fh du du du 
K+ik = t 


Vd — 2) — Ru?) Vd — 2) — ku?) 7 (1 — w2)(1 — ku?) 


0 1 0 


ie., sn(K + ik’) = 1/k. 
(b) From part (a), 


cn(K + ik’) = /1—sn?(K + iK’)) = J1 — 1/R2 = —iV1 — K2/k = —ik'/k 


(c) dn(K + ik’) = ./1 —k? sn2(K + ik’) = 0 by part (a). 
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10.42. 


10.43. 


10.44. 


Prove that (a) sn(2K + 2iK’)=0, (b) cn(2K + 2iK’)=1, (c) dn(2K + 2ik’) = —-1. 
Solution 


From the addition formulas with z} = z. = K + ik’, we have 


2 sn(K + ik’ K + ik’) dn(K + ik’ 
(a) snQK + 2K’) = sn(K + ik") cn(K +i ) n(K + ik’) i 
1 — k? sn*(K + iK’) 


on?(K + ik’) — sn?(K + ik’) dn?(K + ik’) / 


b) en(2K + 2iK’ 
©) “ont HK) 1— sn(K +iK) 


__ dn°(K + ik’) — k? sn°(K + ik’) cn?(K + ik’) _ 


dn(2K + 2iK’ 
Soak he) 1— Kk sn4(K + ik’) 


1 


Prove that (a) sn(z+ 2iK’) = snz, (b) cn(z+2K +2iK')=cnz, (c) dn(z+ 4ik’) = dnz. 


Solution 


Using Problems 10.39, 10.42, 10.170, and the addition formulas, we have 


(a) sn(z+ 2iK’) = sn(z — 2K + 2K + 2iK’) 


sn(z — 2K) cn(2K + 2iK’) dn(2K + 2iK’) + sn(2K + 2iK") cn(z — 2K) dn(z — 2K) 
~ 1 — k2 sn2(z — 2K) sn2(2K + 2iK’) 


= snz 


on enzen(2K + 2iK’) — snzsn(2K + 2iK’) dnzdn(2K + 2iK’) 
HIKPURY= = 
OP SEER 1 — sn? zsn2(2K + 2iK) ee 


(c) dn(z+ 4iK’) = dn(z — 4K + 4K + 4iK’) 


dn(z — 4K) dn(4K + 4iK’) — k* sn(z — 4K) sn(4K + 4iK’) cn(z — 4K) cn(4K + 4iK’) 
a 1 — k? sn?2(z — 4K) sn2(4K + 4iK’) 


= dnz 


Construct period parallelograms or cells for the functions (a)snz, (b)cnz, (c) dnz. 


Solution 


The results are shown in Figs. 10-12, 10-13, and 10-14, respectively. 


y 


ia a alt 


4K 


| 
L 


| 
| 
2K 
| 
| 
| 


(a) 


(c) 
Fig. 10-12 Fig. 10-13 Fig. 10-14 
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Miscellaneous Problems 
1 = 
10.45. Prove that P,(z) = F(-n n+1:1; =), iO AS 
Solution 


The Legendre polynomials P,,(z) are of degree n and have the value 1 for z= 1. Similarly, from (10.29), 
page 328, it is seen that 


F( nn+1s1; =) = moa 24 man ENDED ee = A 


is a polynomial of degree n having the value | for z = 1. 
The required result follows if we show that P,, and F satisfy the same differential equation. To do this, let 
(1 — z)/2 = u, 1.e., z= 1 — 2u, in Legendre’s equation (10.25), page 327, to obtain 


PY ; dy | , 
u(1 — u) die" (1 — 2u) a nn+1)Y=0 
But this is the hypergeometric equation (10.30), page 328, witha = —n,b =n+1,c = 1,andu = (1 —2z)/2. 
Hence the result is proved. 


10.46. Prove that for m = 1, 2, 3,..., 


o(G) 5) =e 


Solution 


We have 


r= YG)" a) = O-a)( a) 1G) 


Then, multiplying these products term by term and using Problem 10.13, page 337, and Problem 1.52, 


ee ee ne) 


= 7 T T 

~ sin(ar/m) sin(Qa/m) —— sin@m — 1)a/m 

7 qe?! 7 qr"! _ Qa m—1 
~ sin(ar/m) sin(2a/m)---singn— 1)a/m— m/2"-! om 


or P = (277)""/? 1, /m, as required. 


10.47. Show that for large positive values of z, 


Jn(Z) * cos( is ) 
BEM Ga A 


Solution 


By Problem 6.33, we have 


if Pi ae 
Jn(Z) = = | costa —z sin t)dt = Re = lemme’ sin! dt 
rg rg 
0 0 
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Let F(t) = isint. Then F’(t) =icost =0 where t = 7/2. If we let t= 7/2+, the integral in braces 


becomes 
1/2 
1 ; a eo ina/2 ; ? eo ina/2 : : 3 i 
ha oe ina/2+0) Giz sin(7r/2+v) dv= Eine plz COSY py — eine piz(l—v /2+0* /24—---) dv 
7 T 7 
1/2 —1/2 1/2 
enn) 
i(z—n Tr, 
e -ij ~izv? izvt as 
= eT ind iw /2+izv" /24 dv 
7 
—1/2 


Let v? = —2iv?/z or v = (1 — i)u//Z, ie., u=4(1 + i),/Zv. Then, the integral can be approximated by 


. i(7— oh oe 
(1 — dele") (+inu/fEg—w? iu! /6o—— 
fe ; e : 


—0o 


or for large positive values of z, 


(1 2 iele—" 7/2) | - . el —) i)ele—"7/2) 
oo e es 


T/Z i! Wks 


and the real part is 


1 | ( "T) . ( "Ty /2 ( nT 7) 
cos + sin = cos 
af TZ ‘ , ‘ 2; WZ ‘ 2 4 
Higher-order terms can also be obtained [see Problem 10.162]. 


10.48. Let C be the contour of Fig. 10-15. Prove that for all values of z 


1 et 
TO =sa—z 4" edt 
Cc 


Solution 


Referring to Fig. 10-15, we see that along AB, t = x; along BDE, t = ee'®; and along EF, t = xe’™. Then 
€ Qa R 
fe dt= [ee dx + | (ee)! ge" jeeid do+ pee e* dx 
ABDEF R € 
R Qa 
= (2% — 1) jae dx +i | Eel ee" 49 
€ 0 


Now, if Re{z} > 0, we have on taking the limit as e > 0 and R > », 


[ete dt = (e’™* — 1) fete dx t plane 
Cc 0 id 
= (e™ — 1 @) 
But the functions on both sides are analytic for all z. D B 4 
Hence, for all z, € R x 
E F 
1 ZW st 
T(z) = or | | t edt 
Cc 


Fig. 10-15 
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sn z, cnz, dn cn z, snz> dn 
10.49. Prove that sn(z,; + z2) = Ona aS a 


1 — k? sn? z sn? z> 


Solution 

Let z} + 2 =a, a constant. Then dz./dz, = —1. Let us define U = snz,, V = sn zp. It follows that 
du. dV. = dVdz 
— = U=cnz,dnz, — = V=——=-cnz dnz 
ri 1dn Zj ae Fa 2 2 


where dots denote differentiation with respect to z,. Then 
W=1-U)1-RU?) and V=(1-V’)d—-RV?) 


Differentiating and simplifying, we find 
U =2KPU? -(1+R)U (1) 


V=2P?V-A1+R)V (2) 


Multiplying (1) by V, (2) by U, and subtracting, we have 
UV — UV = 2k UV(U? — V’) (3) 
It is easy to verify that 
PV -WVW =(1- RU VV? — U’) (4) 
or 


(1 — kK? U?V?\(V? — U?) 


uvV—-UV= : (5) 
UV + UV 
Dividing equations (3) and (5), we have 
UV—UV_ -2KUV(UV + UV) 6 
UV=-Uv se 1- Rwy 
But 
2 % d. ; 
UV —-UV= (UV — UV) 
dz 
and 


: ; d 
—2K UV(UV + UV) = rae. —kU*V’) 
ZI 
so that (6) becomes 


d(UV—UV) di—kU°V’) 
UV—-UV 1—kU2Vv2 


—UV 
1—k2U2V? 
sn z) cn Zz dn zy + cnz snzdnz, _ . 


An integration yields = c (a constant), that is, 


1 — k? sn? z; sn? 2 
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is a solution of the differential equation. It is also clear that z, + z2 = ais a solution. The two solutions must be 
related as follows: 


sn Zz] cn z dnz) + cnz) snz) dn Zz 


= F(z + 22) 
1 — k? sn? z sn2 z 


Putting z. = 0, we see that F(z,) = snz,. Then, F(z; + z2) = sn(z; + Z2) and the required result follows. 


SUPPLEMENTARY PROBLEMS 


Analytic Continuation 


10.50. 


10.51. 


10.52. 


10.53. 


10.54. 


10.55. 


10.56. 


10.57. 


(a) Show that Fi(z)=z+32 +323 +425 +--+ converges for |z| <1. 
z-i z-i 2 z-i 3 
(b) Show that Fy(z) =} 77 5In2 (; ) 1(3 ) 4(3 7 +--+» converges for |z — i] < J2. 
—1 —1 ot 


(c) Show that F(z) and F(z) are analytic continuations of each other. 
(d) Can you find a function that represents all possible analytic continuations of F(z)? Justify your answer. 
A function F(z) is represented in |z — 1| < 2 by the series 


y GY ie 
L 92n+1 
Prove that the value of the function at z = 5 is 1/16. 
(a) Show that F)(z) = be (1 + He“ dt converges only if Re{z} > 0. 
(b) Find a function that is the analytic continuation of F(z) into the left hand plane. 


(a) Find the region of convergence of F)(z) = f° e+!" dt and graph this region. 


(b) Find the value of the analytic continuation of F(z) corresponding to z = 2 — 4i. 


2 4 a : < 
(a) Prove that i : é é ses eee ey Mead 


1/d—z) if |g) >1 


(b) Discuss these results from the point of view of analytic continuation. 

Show that the series Speen 2" cannot be continued analytically beyond the circle |z| = 1. 

Suppose ~~, dyzP» has |z| = 1 as a natural barrier. Would you expect yey (—1)"ayz" to have |z| = 1 as 
natural barrier also? Justify your conclusion. 


Let {z,}, 2 = 1, 2, 3,... be asequence such that lim,_, 0 Z, = a, and suppose that for all n, z, 4 a. Let F(z) and 


G(z) be analytic at a and such that F(z,) = G(Zn), n = 1, 2, 3,.... 


(a) Prove that F(z) = G(z). (b) Explain the relationship of the result in (a) with analytic continuation. [Hint. 
Consider the expansion of F(z) — G(z) in a Taylor series about z = a.] 


Schwarz’s Reflection Principle 


10.58. 


Work Problem 10.2 using Schwarz’s reflection principle. 
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10.59. (a) Given that sin 2z = 2 sinzcosz holds for all real values of z, prove that it also holds for all complex 
values of z. 


(b) Can you use the Schwarz reflection principle to prove that tan 2z = (2 tanz)/(1 — tan? z)? Justify your 
conclusion. 


10.60. Does the Schwarz reflection principle apply if reflection takes place in the imaginary rather than the real axis? 
Prove your statements. 


10.61. Can you extend the Schwarz reflection principle to apply to reflection in a curve C? 
Infinite Products 
10.62. Investigate the convergence of the infinite products 
cos kar 
(a) H(t) I ('- seq): (c) (+a) 


10.63. Prove that a necessary condition for Te (1 + w,) to converge is that lim, Wy, = 0. 


10.64. Investigate the convergence of (a) I] (1 + i) (b) I] (: + a9): (c) I] (1 + cot! k’). 
k=1 k=1 


k=1 


10.65. Suppose an infinite product is absolutely convergent. Prove that it is convergent. 


ro) 4 2 
10.66. Prove that cos z = I] (1 é 5 s) 
fai (2k — 1) 4 


ek 
10.67. Show that Il (1+! + R =) (a) converges absolutely and uniformly in the right half plane Re{z} > 0 and 
k=1 


(b) represents an analytic function of z for Re{z} > 0. 


1 1 1 1 
10.68. Prove that (1 =) (1 7) (1 z) Hee 
10.69. Prove that { 1 : 14 d 1 i es » 

2 3 4 2 


(oe) 


2 28 4,2 
10.70. Prove that: (a) sinhz= I] (: + R aa) (b) coshz = I] (1 Ok a) 


k=1 k=1 


10.71. Use infinite products to show that sin2z = 2 sinzcos z. Justify all steps. 


1 
10.72. Prove that Il (: + zm :) (a) converges absolutely and uniformly for all z and 


k=1 
(b) represents an analytic function. 


10.73. Prove that I] (1 + sen! * converges. 
k=1 k 


CHAPTER 10 Special Topics 


The Gamma Function 


10.74. Evaluate each of the following by use of the gamma function. 
(a) [Pye dy — (c) ff ye” dy (©) fy (ve 4 dy 


(b) fy We du (d) f {In(1/t)}7 1? dt 


10.75. Prove that F(z) = f {In(1/t)}°~! dt for Re{z} > 0. 


foe) 


10.76. Show that | 
1 
10.77. Suppose m, n, and a are positive constants. Show that 


[ree ar = earthing (MET Es ‘) 
n 
0 


. ee dx =T(1+ p)P(1 —p), where -1 <p <1. 
x 


n 


1 e* 7 

10.78. Show that [<a — iE if Re{z} > 0. 
a/t z 

0 


10.79. Evaluate {) (xIn.x)* dr. 
10.80. Evaluate (a) I'(—7/2), (b) F(-1/3). 


—| m+1 gmt 
10.81. Show that '(—4 m) = vn _ 


m=0, 1, 2,.... 


10.82. Prove that the residue of ['(z) at z= —m, m = 0, 1, 2, 3,..., is (—1)”/m! where 0! = | by definition. 


10.83. Use the infinite product representation of the gamma function to prove that 


@) TEPFA-9=F—, &) 2 "TOE +)) = Vale 


10.84. Prove that if y > 0, then |I(iy)| = /—“~. 
y sinh ry 


10.85. Discuss Problem 10.84 if y < 0. 
10.86. Prove (a) Property 6, (b) Property 7, (c) Property 9 on pages 322 and 323. 
10.87. Prove that T(2)P'(2) = Ar /J/5. 


10.88. (a) By using the infinite product representation of the gamma function, prove that for any positive integer m, 


mT (20 (z + 1/m)P(z + 2/m)--- T(z + [m — 1]/m) 
T(mz) 


is a constant independent of z. 
(b) By letting z — 0 in the result of (a), evaluate the constant and thus establish Property 5, page 322. 
The Beta Function 
10.89. Evaluate: (a) B(3, 5/2), (b) B(1/3, 2/3). 
10.90. Evaluate each of the following using the beta function: 


(a) fred —yadt, (b) fwd —w)'? du (©) ff O-P? dt, @) fF at/V4r— 2. 


10.91. 


10.92. 


10.93. 


10.94, 


10.95. 


10.96. 


10.97. 
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Prove that An Ts 7) = = 
Bamn+1) on 


(Td/4)? 
Jat _yt 4aJ/27 


ae *) 
ae ave 
B (eae ae ue 

2 2 


Evaluate: (a) (Sie sin® Ocos* @d0, (b) (i tan 6 dé. 


a 
Given a > 0, prove that | 
0 


Prove that stating any restrictions on p. 


1 
1 x 1 x" 1 
Prove that B(m, n) = 5 \= al ST dx where Re{m} > 0 and Re{n} > 0. [Hint. Let y = x/(1 + x).] 
0 
7 


3 q 
Prove that | aacce! 


1+ x6 3/3 
0 


(a) Show that if either m or n (but not both) is a negative integer and if m+n < 0, then B(m, n) is infinite. 
(b) Investigate B(m, n) when both m and n are negative integers. 


Differential Equations 


10.98. 


10.99. 


10.100. 


10.101. 


10.102. 


10.103. 
10.104. 


10.105. 


Determine the singular points of each of the following differential equations and state whether they are regular 
or irregular. (a) (1 —2)¥” —2¥'+ 6Y=0, (b) 224—D)¥"”4+-2¥'+(2+1)¥ =0, 
(c) 2(1— 2 ¥" + (2—HY'+47Y =0 


Solve each of the following differential equations using power series and find the region of convergence. If 
possible, sum the series and show that the sum satisfies the differential equation. 


(a) Y"+2Y'+Y=0, (b)Y"+z¥=0, (c)z¥”+2Y'+7z¥ =0. 


(a) Suppose you solved (1 — z”)¥” + 2¥ = 0 by substituting the assumed solution Y = )~ a,z". What region 
of convergence would you expect? Explain. 
(b) Determine whether your expectations in (a) are correct by actually finding the series solution. 


(a) Solve Y” + 2?¥ = 0 subject to Y(0) = 1, Y’(0) = —1 and (b) determine the region of convergence. 


Suppose Y = Yj(z) is a solution of Y” + p(z)Y’ + q(z)Y = 0. Show that the general solution is 


exp{— f{ p(z) dz} ‘s 


Y=AY BY 
1) + | TAG 


(a) Solve zY” + (1 — z)Y’ — Y = 0 and (b) determine the region of convergence. 


(a) Use Problem 10.102 to show that the solution to the differential equation of Problem 10.103 can be 
written as 


y= Ae‘ + Be | dz 
z 


(b) Reconcile the result of (a) with the series solution obtained in Problem 10.103. 


(a) Solve zY” + Y’ — Y = 0 and (b) determine the region of convergence. 
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10.106. Prove that Y = V exp{—} { p(z) dz} transforms the differential equation Y” + p(z)Y’ + q(z)Y = 0 into 
v" + {a@—40'@ -}p@P|v =0 
10.107. Use the method of Problem 10.106 to find the general solution of zY” + 2Y’ + z¥ = 0 [see Problem 10.99(c)]. 


Solution of Differential Equations by Contour Integrals 


10.108. Use the method of contour integrals to solve each of the following. 
(a) YY—Y’—2Y=0, (b) Y"+4Y'+4Y=0, (c) Y"+2Y’+2Y=0. 


10.109. Prove that a solution of zY” + (a — z)Y’ — bY = 0, where Re{a} > 0, Re{b} > 0, is given by 


1 
Y= | Pld pl at 
0 
Bessel Functions 
10.110. Prove that J_,(z) = (—1)"J,,(z) for n = 0, 1, 2, 3,.... 
di» dn =n 
10.111. Prove (a) a JAD} = Z"In_1(2),_— (b) a Jn(Z)} = —Z "Tn 41 (Z)- 


10.112. Show that (a) J(2) = —Ji@), (b) feh@dz=2R@+e, (©) Jes) dz= 2 (Z)—-227Jo(z) +. 


10.113. Show that (a) Jij2(z) = /2/mzsinz, (b) J_12(z) = V2/7z cos z. 


10.114. Prove the result of Problem 10.27 for non-integral values of n. 
10.115. Show that J3/2(z) sinz — J_3/2 cos z= J2/723. 
10.116. Prove that J/,(z) = 3 {Jn—1(Z) — Jn4i(2)}. 
10.117. Prove that (a) J1"(z) = ${Jn—2(2) — nz) + Ing2(2} 
(b) J") = 3 {Ina — 3Jn—1@) + 341 @) — Ing 3@}- 


10.118. Generalize the results in Problems 10.116 and 10.117. 


1 T 
10.119. By direct substitution, prove that Jo(z) = =| cost sin 0) d@ satisfies the equation 
7 
0 


2’ + ¥'+z2¥=0 


10.120. Suppose Re{z} > 0. Prove that | e000 dt = 
ae 
0 


10.121. Prove that: (a) cos(acos 6) = Jo(a@) — 2J2(a) cos 20 + 2J4(a) cos 40+ --- 
(b) sin(a cos 0) = 2J;(a) cos 6 — 2J3(a) cos 36 + 2Js5(a) cosSd—---. 


10.122. Suppose p is an integer. Prove that Jp(x+y)= > In(x)Jp—n(y) 


n=—0o 


[Hint. Use the generating function.] 


10.123. Establish Property 8, page 326. 
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10.124. Let Re{z} > 0. Prove that 


ge 
In@ =5— | e201 4-0 ay 


C 
where C is the contour of Fig. 10-5, page 323. 
i inna f : 
10.125. Let Re{z} > 0. Prove that J,(z) =— | cos(nd — zsin ddd — =| ennd—csinh d ag, 
T 7 
0 0 


10.126. (a) Verify that Yo(z), given by equation (10.23) on page 326, is a solution to Bessel’s equation of order zero. 
(b) Verify that Y,,(z) given by equation (10.22) on page 326 is a solution to Bessel’s equation of order n. 


10.127. Show that: (a) z¥n—1(z) — 2nYn(z) + 2¥n41(z) = 0 
d d 
(b) gk a@) =Z7Y1@, (©) te "YA(@} = -2 "Yn @. 
Z dz 


10.128. Prove that V = /z{A/,(z) + BY,(z)} is the general solution of 


(n? — 1/4) 
“a 


vr+{i- |v =o 
z 


10.129. Prove that Jni4(2)¥n(z) — Jn(Z) Yn) = 1/z. 


10.130. Show that the general solution of V” + 2”-?V = 0 is 


2 2 
V= Vif tyn(=2"?) t BYim(=2"?) | 


10.131. (a) Show that the general solution to Bessel’s equation z7¥” + zY’ + (2? —n”)¥ = 0 is 


dz 


Y =AJ,(Z) + BJn(Z) lap 


(b) Reconcile this result with that of equation (24), page 327. 


Legendre Functions 

10.132. Obtain the Legendre polynomials (a) P3(z), (b) Pa(z),_ (c) Ps(z). 

10.133. Prove (a) P’,, (2) — P),_(@) = (n+ IPC), (b) (2+ 1)P(2) = Pi, (@) — 2P),@)- 
10.134. Prove that nP’,, ,(z) — (2n + 1)zP),(z) + (n+ IP)_)(2) = 0. 

10.135. Prove that (a) P,(—1) = (—1)",_—(b) Pan 1 (0) = 0. 


10.136. Prove that P>,(0) = < (5) (3) (3) oe (= ‘) = (-1)" 1 a ° Z ; ies 


10.137. Verify Property 2, page 327. 


10.138. Let [n/2] denotes th test integer < n/2. Show that P,,(z) s (“1'@n = 20)! yok 
le le et [nN enotes e greatest integer < n/z. OW a nlZ) = a z 
L~ D"k\(n — k)\(n — 24)! 


10.139. Prove that the general solution of Legendre’s equation (1 — 2?)¥” — 2z¥’ + n(n + 1)Y¥ = 0 for 
n=0,1, 2,3,... is Y =AP,(z) + BQ,(z) where Qn(z) = Pp(2) JP dt/(? — 1{PaOy. 


10.140. Use Problem 10.139 to find the general solution of the differential equation (1 — z”)¥” — 2z¥’+ 2¥ =0. 
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The Zeta Function 


10.141 


10.142 


10.143 


10.144 


10.145 


1 


1 
. Let Re{z} > 0. Prove that (z) = i 


(a) &-1) = —1/12,  (b) &—3) = 1/120. 


The Hypergeometric Function 


10.146 


10.147. 


10.148. 


10.149. 


10.150. 


10.151. 


10.152 


Asymptotic Expansions and the Method of Steepest Descents 


10.153 


10.154. 
10.155. 


10.156. Show that for large values of n, 


. Prove that: (a) In(1 + z) = zF(1, 1; 2; 


—z), (b) 


tan~! z 


z 


Prove that cos 2az = F(a, —a; 1/2; sin? Z). 


F(a, b3 c; I) = 


Prove the result (10.31), page 328. 


Prove that, where 2, 3, 5, 7,... represent prime numbers, (: 


d b 
Prove that — F(a, bi ¢: 2)=— Fat+1,b+lct+1: 2. 
PG Cc 


1 [ edt 


219 RT T@Jy ef —1 


Suppose Re{c — a— b} > 0 and c £0, —1, —2,.... Prove that 


22 


) 


T(o)'(e — a — b) 


Prove that: (a) F(a, b; c; 2) = (1 — 2°“ "F(c — a, c— b3 3 2) 
(b) F(a, b; c; z) = (1 — z) “F(a, ¢ — b; ¢; 2/lz — 1). 


I'(c — a(c — b) 


Yo-3)0-w) = 


Prove that the only singularity of ¢(z) is a simple pole at z = 1 whose residue is equal to 1. 


Use the analytic continuation of {(z) given by equation (10.33), page 328, to show that 


Show that if z is replaced by 1 — z in equation (10.33), page 328, the equation remains the same. 


= F(1/2, 1; 3/2; —2). 


. Show that for |z— 1] < 1, the equation z(1 — z)Y” + {c 


F(a, b;a+b—c+1; 1-2). 


. Prove that 


2 


(a 


b 


L)z}Y’ 


abY = 0 has the solution 


2 ae 
| edt =" 1 
2pz 
P 


1 ; 1-3 1) 
2p?z ' (2p?z) 
1-3-5---(Qn4 Ife 

n+l 
x ( 1) (2z)"*! |= dt 


P 


and thus obtain an asymptotic expansion for the integral on the left. 


Evaluate 50!. 


Use Problem 10.153 to verify the result (10.48) on page 331. 


ee eo ee 2, as 0 


2-4-6---(2n) 
10.157. Obtain the asymptotic expansions: 
I ek a a he a Pa 
a dt ~ 1 { Lens 
(a) | 1+? ae 22 (2z)? ~=— (22) 
0 


Jam 


earn 
(2pz)" 
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(oe) 


b e* 4 1 i! 2! 3! 
t~ } peo kets 
On Fae Ze Zw 
0 


10.158. Verify the asymptotic expansion (10.49) on page 331. 


(oe) 


10.159. Use asymptotic series to evaluate | — dt. 


10 foe) 
FO) F’ F’ 
10.160. Under suitable conditions on F(t), prove that [err (t)dt ~ ©) t 2 t oo) t 
z z 2 
0 


10.161. Perform the steps needed in order to go from (4) to (5) of Problem 10.36. 


10.162. Prove the asymptotic expansion (10.46), page 331, for the Bessel function. 


00 foe) 


n by 
10.163. Let F(z) ~ a and G(z) ~ Ss —. Prove that: 
nao = mo = 
an + Dn Cn = 
(a) FO+G@~ YIM) FG ~ | where cn =P /anbne- 
n=0 n=0 k=0 
fo) An 
10.164. Let F(z) ~ —. Prove that le zdz~ —____., 
Ove Oe~ ane 


10.165. Show that for large values of z, | 


dt POL 6 Be) 25. 
a+e¥ 2 
0 


2/2" 8z3/2 * 128 z5/2 © 


Elliptic Functions 


10.166. Suppose 0 < k < 1. Prove that 


7 dé 1\? Reece 
K= | mua hie ke 4 : Ii esas 
V1—k sin? 9 2 2 2-4 
0 


2snzenzdnz (b) cn2 _ 1-2sn?z+k sntz 
1—k?sn*z’ a 1—k?sn*z 


10.168. If k = /3/2, show that (a) sn(K/2) = /2/3, (b) cn(K/2) = J1/3,_ (c) dn(K/2) = J1/2. 


10.167. Prove: (a) sn2z = 


A+snB 
10.169. Prove that ~~ = tn 4(A + B) dn L(A — B). 
cnA+cnB 


10.170. Prove that (a) sn(4K + 4ik’)=0, (b) cn(4K + 4iK’)= 1, (c) dn(4K + 4ik’) = 1. 


10.171. Prove: (a) snz=z— 1 +k)2 +1 t 14k + KO +--, 


(b)cenz=1—-32 440442) 4+---, ()dnz=1—-$P24 4PM +42 +--- 


10.172. Prove cna | Ge 224 K( i ). 
JVei—1 v2 \v2 


10.173. Use contour integration to prove the results of Problem 10.40 (b) and (c). 
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10.174. (a) Show that 


$ b 
| db 2 | dd, 
1-kRsin? hd 1+k) /1-k sin’ 6, 


0 0 


where k; = 2V/k/(1 +4) by using Landen’s transformation, tan @ = (sin2¢,)/(k + cos 2). 
(b) IfO <k <1, prove thatk << kj <1. 


(c) Show that by successive applications of Landen’s transformation a sequence of moduli k,, = 1, 2, 3,... 
is obtained such that lim,... k, = 1. Hence, show that if ® = lim, ¢,, 


¢ 
=) In tan t 
JV1—k sin’ k 2 


(d) Explain how the result in (c) can be used in the evaluation of elliptic integrals. 


10.175. Is tnz = (snz)/(cnz) a doubly periodic function? Explain. 


10.176. Derive the addition formulas for (a) cn(z; + z2) and (b) dn(z; + z2) given on page 332. 
Miscellaneous Problems 
m/2 
1 
10.177. Let |p| < 1. Show that | tan? 6d0 = 3 Tsec(pm/2). 


0 


10.178. Let 0 <n < 2. Show that |= dt a eee n/2) 
a 2T(n) 
0 
10.179. Let 0 <n < 1. Show that |= Fe LAU 
a 27(n) 
0 


10.180. Prove that the general solution of (1 — z*)¥” — 4zY’ + 10Y = 0 is given by 


Y = AF(5/2, —1; 1/2; 2) + BzF(3, 1/2; 3/2; 2) 
1 
10.181. Show that: (a) | sin? dt = ax /3),  (b) {cos Pdt= se 
0 0 
10.182. (a) Find a solution of zY” + Y’ + zY = 0 having the form (In a OB az), and thus verify the result (10.23) 
given on page 326. (b) What is the general solution? 


(1/3). 


10.183. Use the method of Problem 10.182 to find the general solution of 2’¥” + zY’ + (¢ —n?)Y = 0. [See equation 
(10.22), page 326.] 


10.184. Show that the general solution of zU” + (2m+ 1)U’+ 2U =O is U = 7 "{AJn(z) + BY n(Z)}.- 
10.185. (a) Prove that z!/*J,(2iz'/*) is a solution of zU” — U = 0. (b) What is the general solution? 


10.186. Prove that {Jo(Q}° + AV + Uh(OP +--+ = 1. 


foe) 


10.187. Prove that e°° “Jo(z sin a) = y 
n=0 


P,(cos a), 

EN 
n! 

10.188. Prove that I’(3) = —/7(y+ 21n2). 


) 
foe} 
| et 2 2 


10.189. (a) Show that dt = —y-—Inz+z t 


eee 
(b) Is the result in (a) suitable for finding the value of | — df? Explain. [Compare with Problem 10.159.] 
10 
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10.190. Let m be a positive integer. Show that F(5, —m; 4—m; 1) = 


10.191. Prove that (1 4 a(1 <)(1 =)(1 s)o= va 
r( 


2 8 4 


1/2 
10.192. Prove that | Ze 


} Jl—-ksinrd 2 


10.193. The associated Legendre functions are defined by P”(z) = (1 — 27)" £7 P,(2) 


T 
Pg. be) 


(a) Determine Po (z). 


(b) Prove that P“”(z) satisfies the differential equation 


(1 —2)¥" — 2zY’ + 3n(n+ 1) Y=0 
1-2 


(c) Prove that [!, P(2)P\"(z) dz = 0 if n #1. 


This is called the orthogonality property for the associated Legendre functions. 


1 
m—1 ts n—1 Bim, 

10.194. Suppose m, n, and r are positive constants. Prove that | a acs zi — in “a -_ 
(x+7r) rm +r) 


[Hint. Let x = (r+ l)y/(r+y).] 


10.195. Prove that if m, n, a, and b are positive constants, 


1/2 
| sin”! Ocos*""! Od0 _ Bim, n) 


(asin? 6+ bcos? ey" ~—-2a"b 


0 


[Hint. Let x = sin? 6 in Problem 10.194 and choose r appropriately. ] 


10.196. Prove that: (a) 2/2 = Ji(z) + 3J3(2) + SJs(z) +++, (b) 22/8 = 1°Jo(z) + 274(z) + 3°Jo(z) + +=: 


(—1)"(2m)! 
22m!) ( m,m + ie oe z) 


10.197. Let m be a positive integer. Prove that: (a) P2,(z) = 


(-1)"(2m + 1)! 
2m(mlyr ( 


(b) Pom4i (2) = 


> 


10.198. (a) Prove that 1/(sn z) has a simple pole at z = 0 and (b) find the residue at this pole. 


10-12-14-16-18--- 


10.199. Prove that {r= 8/7 > ES EES CS GENT RE 


4.6- 

Cae 
1 

~d-270d-28)1 —2)--- 


10.200. Let |z| < 1. Prove Euler’s identity: 1+ J0+2)(1+23)--- 


10.201. Let |z| <1. Prove that (1 — Jd — 2) — 23)--- = 14+ DE, Der D2 4 rt 24, 


10.202. (a) Prove that the following converges for |z| < 1 and |z| > 1: 


z 2 Z 


Tae (awe Coded 


(b) Show that in each region the series represents an analytic function, say F(z) and F(z), respectively. 


(c) Are F,(z) and F(z) analytic continuations of each other? Is F(z) = F2(z) identically? Justify your 
answers. 
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10.203. 


10.204. 


10.205. 


10.206. 


10.207. 


10.208. 


10.209. 


10.210. 


10.211. 


10.212. 


10.213. 


10.214. 


10.215. 


10.216. 


10.217. 


(a) Show that the series eS 5 converges at all points of the region |z| < 1. 
n=1 
(b) Show that the function represented by all analytic continuations of the series in (a) has a singularity at 
z= 1 and reconcile this with the result in (a). 


Let }> a,z" have a finite circle of convergence C and let F(z) be the function represented by all analytic 
continuations of this series. Prove that F(z) has at least one singularity on C. 
en2z+dn2z_ 4 


= dn*z. 


P that 
rove tha cna 


Prove that a function, which is not identically constant, cannot have two periods whose ratio is a real irrational 
number. 
Prove that a function, not identically constant, cannot have three or more independent periods. 


(a) If a doubly-periodic function is analytic everywhere in a cell [period parallelogram], prove that it must 
be a constant. (b) Deduce that a doubly-periodic function, not identically constant, has at least one singularity 
in a cell. 


Let F(z) be a doubly-periodic function. (a) Suppose C is the boundary of its period parallelogram. Prove that 
$e F(z) dz = 0. (b) Prove that the number of poles inside a period parallelogram equals the number of zeros, 
due attention being paid to their multiplicities. 


Prove that the Jacobian elliptic functions sn z, cn z and dn z (a) have exactly two zeros and two poles in each 
cell and that (b) each function assumes any given value exactly twice in each cell. 


as (: , i) ( | 7)( , 7 EN Sy 


3 


1/2 
1 2! 4 6! 
—ztand 
Prove that | ¢ e AO ina aa 
0 


1-3-5---(Q2n—1) 1-2n 
P that — 
rove that P,(cos 6) 2| Oud 6263 0A) | {cosno > On po" 2)0 


_ 13+ 2n(2n— 2) 
"2-4. (2n— 1)(2n — 3) 


cos(n — 4)04 +} 


[Hint. 1 — 2tcos6+ 2? = (1 — te’®\(1 — te~"*).] 
(a) Prove that ['(z) is a meromorphic function and (b) determine the principal part at each of its poles. 


Let Re{n} > —1/2. Prove that 


! T 
zn ; zn 
Jn SO tate) 2 i a= | f) 2n 9d6 
(z) 2" Jal (n +5) | e'"( ) Jala +)) pee ) sin 


wr (@ts*) 
oe 
m—n+l\— 
a) 
1/2 


T 1 
Prove that | cos? cos qed0 = welt BD 


J gripe td), (Ate 4) 


Prove that iG m(t) dt = 
0 


10.218. Prove that {I )pP= A/a | 


ANSWERS TO SUPPLEMENTARY PROBLEMS 
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24/3125 
(a) 16,/77/105, (b) —31'(2/3) 

(a) 16/315, (b) 27/3 

(a) 477/3/3, (b) 77/4, (c) 24377/16, (d) 
(a) 377/512, (b) /V2 


) +0(: 


Qzt 2-5 2-5-8 
aan z! 10 


4" 7! 10! 


10.50. (d) —In(1 — z) 10.79. 
10.52. (b) (+ 1)/2 10.80. 
10.53. (a) Re{z+ 1}? > 0, (b) (-7 + 241)/625 10.89. 
10.62. (a) conv., (b) div., (c) conv., 10.90. 
10.64. (a) div., (b) div., (c) conv., 10.94. 
10.74. (a) 3/8, (b) V377/36, (c) /277/16, (d) /7, 
(e) 1(5/8)/W2 
10.98. (a) z= +1, regular. (b) z = 2, regular; z = 0, irregular. (c) z = 0, 1, irregular. 
10.99. (a) Y= Ae*+ Bze~* 
3 
zo 146 1-4-7 4, 
) ¥ =a 31 re 91 5s 
() Y _ Asinz + Bcosz 
Zz 
3 5 7 
10.100. (b) Y=AU —2)+B Be, Gee ose 
(b) ee) (: (3. S53 57 
Z ral hig z 


10.101. (a) Y=1-z 


SA A558 BAe Fee AGT 8c 


#+° (b) zl = 90 


2 3 
10.103. (a) Y= (A+ Blnze® al: = (1 + 4) 4 5 ( $+4)4 -} (b) |z| > 0 
z i a i z i z i z i 1 i z i 1 i 1 i 
10.105. (a) Y=(A Bina top t @pet +} 26| 5 nel! +5) ape! t5+4)+-:- 


10.108. (a) Y = Ae% + Be~, (b) Y = Ae~% + Bze~~, (c) Y = e*(A sinz + Bcosz) 
10.132. (a) $(5z* — 3z), 435z* — 3027 + 3), (c) $(63z° — 70z? + 152) 


10.140. Y=Az+ aI de cu/2in(= = *) 
zt+1 


10.185. (b) Y = z!/?{AJ, (2iz"/?) + BY (2iz'/?)} 


10.155. 3.04 x 10% 


10.193. (a) 15z(1 — z) 


10.198. 1 


Abel’s theorem, 173, 196 
Absolute convergence, 170, 179, 183, 195, 320, 328, 358 
Absolute value, 2, 3, 4 
Acceleration, 83 
Addition, 1, 2 
formula, 332, 365 
Airfoil, 271 
Algebraic: 
function, 45 
number, 29 
Alternating series test, 152 
Amplitude, 4 
Analytic: 
continuation, 176, 319, 322, 323, 328, 331, 333, 
334, 337, 338, 357, 363, 366, 367 
extension, 176 
function, 77, 87, 88, 98, 105, 109, 115, 131, 142, 
149, 160, 161, 282, 290, 291, 311, 319, 330, 
333, 338, 341, 347, 357, 358, 366 
part, 174 
Annular region, 174 
Annulus, 174, 255 
Anti-derivative, 115 
Arc, 83 
Arc sine, 44 
Area magnification factor, 243 
Arg (Argument), 4 
Argand diagram, 4 
Argument, 4 
theorem 145, 154, 155, 164 
Associative law: 
of addition 3, 9, 34 
of multiplication 3, 9, 34 
Asymptotic: 
expansion, 330, 347, 363 
series 329, 364 
Axes 3 
Axiomatic foundation of complex numbers, 3 


Bernoulli: 
numbers, 203, 329 
theorem, 286 
Bessel’s: 
differential equation of order n, 325, 341, 362, 366 
function, 193 
of the first kind of order n, 325, 331, 343, 344, 
354, 361, 362 
of the second kind of order n, 326 
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Beta function, 323, 339, 340, 359, 360 
Biharmonic equation, 316 
Bilinear transformation, 43, 245, 261, 263, 
273, 278 
Binomial: 
coefficients, 19 
formula, 19, 174 
theorem, 174, 197 
Blasius theorem, 301 
Boundary: 
conditions, 280 
point, 8 
Boundary-value problem, 280 
Bounded set, 8, 48, 171 
Branch, 41, 53 
cut, 46, 5 
line, 46, 53 
point, 46, 81, 98, 175, 319, 351 


Capacitance, 289 
Capacitor, 289, 313 
Cardioid, 255 
Casorati— Weierstrass theorem, 175, 202 
Cauchy principal value, 208 
Cauchy—Goursat theorem, 115, 125, 140, 
163, 334 
Cauchy—Riemann equations, 27, 87, 102, 142, 
296, 335 
Cauchy’s: 
convergence criterion, 171 
inequality, 145, 151, 167, 176 
integral formulas, 144, 146, 150, 163, 206, 
238, 334 
integral theorem, 115 
theorem, 115, 125, 130, 140, 206, 238, 312 
Cavitation, 312 
Cell, 332, 353, 367 
Centripetal acceleration, 100 
Chain rules, 79 
Change of variable, 113 
Circle of convergence, 170, 183, 320, 358 
Circular functions, 43 
Circulation, 283 
free flow, 283 
Closed: 
curve, 83 
interval, 2 
region 8, 48 


Closure: 
law, 3 
of a set, 8 
property, 1 
Cluster point, 8 
Commutative law: 
of addition, 3, 9 
of multiplication, 3, 9 
Compact set, 8 
Comparison tests, 171, 178 
Complement, 8 
Complementary modulus of an elliptic function, 332 
Complex: 
conjugate, 2 
conjugate coordinates, 7 
electrostatic potential, 288 
line integral, 112 
numbers, 2 
plane, 4 
potential, 283, 288, 295, 301, 302 
temperature, 290 
variable, 41 
velocity, 283 
Components, 11 
Composite function, 48 
Condensor, 289 
Conditional convergence, 170, 320 
Conformal mapping, 83, 243, 259, 277, 282, 
313, 316 
Conjugate, 2 
coordinates, 7 
functions, 77, 109, 163, 280, 290, 314 
Connected set, 8 
Continuity, 47 
Continuous curve, 83 
Contour, 83, 207, 355, 362 
integral, 114, 325, 342, 343, 344, 345, 361, 364 
Convergence, 49, 169, 194, 320, 325, 328, 336, 342, 
358, 366 
to zero, 320 
Converse of Cauchy’s theorem, 115, 125, 140 
Coordinate curves, 42 
Coulomb’s law, 287 
Countable set, 8 
Critical points, 243, 259 
Cross: 
product, 7 
ratio, 245, 261 
Curl, 85, 104 


Definite integral, 112 
Degree, 5, 43 
Del, 84, 142 

bar, 84 
Deleted neighborhood, 7 
Delta neighborhood, 7 


DeMoivre’s theorem, 5, 35 
Denominator, | 
Denumerable set, 8 
Dependent variable, 41 
Derivative, 77 
Dielectric constant, 287 
Differentiability, 77 
Differential, 79 

equations, 341, 360 
Dipole, 285, 289 

moment, 285 
Dirchlet’s problem, 280, 309, 314 
Direction, 6, 83 
Disjoint sets, 8 
Distributive law, 3, 16, 29 
Divergence: 

of a sequence, 49 

of a vector function, 84, 108 
Division, 1, 2 
Domain, 8 
Dot product, 7 
Doublet, 285, 289 


Doubly periodic function, 332, 365, 367 


Dummy: 

symbol, 117 

variable, 117 
Duplication formula, 332 


Electric field intensity, 287 
Element: 
of an analytic function, 176, 319 
of a set, 7 
Elliptic: 
function of the second kind, 332 
function of the third kind, 332 
integral of the first kind, 331 
Entire: 
complex plane, 7 
function, 176, 202, 321 
Equality, 3 
Equation of continuity, 283 
Equilibrant, 34 
Equipotential: 
curves, 284 
lines, 284, 288, 296 
Error function, 331 
Essential singularity, 82, 97, 175 
Euler’ s: 
constant, 330 
formula, 5 
identity, 366 
Evaluation of definite integral, 207 
Even function, 55 
Exponential: 
functions, 43 
integral, 331 
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Index 


Extended complex plane, 7 Image, 42, 242 
Exterior: point, 50 
of a curve, 114 Imaginary part, 2 
point, 8 Incompressible flow, 283 
Indefinite integral, 115, 131 
Factored form, 6 Independence of path, 117 
Factorial: Independent variable, 41 
function, 322 Indicial equation, 324, 341 
n, 19 Infinite: 
Field, 3 product, 320, 336, 358, 359 
Finite sequence, 48 sequence, 48 
Fixed point, 70, 244 series, 49, 169 
Fourier series, 201 Infinity, 47 
Fluid: Initial point, 6 
density, 301 Inside of a curve, 114 
dynamics, 282 Integer, | 
flow, 282 Integrability, 112 
about an obstacles, 286 Integral: 
lines, 288, 290 function, 176 
Fraction, 1 test, 172, 195 
Fractional linear transformation, 43, 245 Integration by parts, 134 
Function, 41 Interior: 
Fundamental theorem of algebra, 6, 145, 152, 156 of a curve, 114 
point, 8 
Gamma function, 321, 325, 337, 348, 354, 359, Intersection of sets, 8 
363, 367 Invariant point, 70, 244 
Gauss’: Inverse: 
differential equation, 328 function, 41 
mean value theorem, 145, 152 hyperbolic functions, 45 
II function, 322 of addition, 1 
test, 172 of a point with respect to a circle, 157 
theorem, 288 of a transformation, 242 
Generating function, 325, 327, 361 of multiplication, 1 
Geometric series, 68 trigonometric functions, 44 
Green’ s: with respect to addition, 3 
first identity, 142 with respect to multiplication, 3 
second identity, 142 Inversion, 245, 263 
theorem, 114, 120, 122, 123, 124, 125 Involutory transformation, 277 
Irrational number, 1 
Harmonic function, 78, 88, 104, 142, 160, 163, 167, Irregular singular point, 324, 341, 360 
280, 288, 290, 311, 314 Irrotational flow, 283 
Heat flux, 289 Isogonal mapping, 243 
Heine—Borel theorem, 8 Isolated singularity, 81, 98, 239 
Higher order derivatives, 81 Isothermal lines, 290 


Holomorphic function, 77 
Hydrodynamics, 282 


Hyperbolic functions, 43 Jacobian, 242, 278 

Hypergeometric: elliptic function, 332 
equation, 328, 354 of a transformation, 259 
function, 328, 346, 354, 363, 366 Jensen’s theorem, 167 
series, 200 Jordan curve, 114 

theorem, 114 

Ideal fluid, 283 Joukowski: 

Identity with respect to: airfoils, 271 
addition, 3 profiles, 271 


multiplication, 3 transformation 271, 276 
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Kepler’s problem, 198 Monotonic: 
Kernel, 325 decreasing, 171 
increasing, 171 
Lacunary function, 177 Morera’s theorem, 115, 145, 151, 163, 192, 334 
Lagrange’s expansions, 176, 190, 198 Multiple-valued function, 41 
Landen’s transformation, 365 Multiplication, 1, 2 
Laplace’ s: Multiply-connected region, 113, 239 
equation, 78, 103, 165, 280, 283, 288, 309, 314 Mutually exclusive sets, 8 
method, 330 
Laplacian, 78, 85 Natural: 
operator, 85 barrier, 357 
Laurant: base of logarithms, 43 
expansion, 174 boundary, 43 
series, 174, 178 logarithm, 43 
theorem, 176, 186 number, 1 
Least upper bound, 75 Negative number, 1 
Legendre: Neumann’s problem, 281 
functions, 328, 345, 366 Non-countable set, 8 
polynomials, 193, 327, 354, 362, 366, Non-denumerable set, 8 
differential equation of order n, 327, 362 Non-essential singularity, 82 
Leibnitz’s rule, 148, 208 Non-isolated singularity, 81, 97, 98 
Leminscate, 27, 276 Non-viscous flow, 283 
Length, 6, 112, 137, 142 North pole, 6 
L’Hospital’s rule, 81, 95 nth: 
Limit, 46, 49, 159 derivative, 81, 144 
of a sequence, 49 partial sum, 49, 169 
point, 8 roots, 23 
Linear: roots of unity, 26 
differential equation, 323, 325 term, 48 
independence, 324 Null set, 8, 29 
transformation, 43, 245 Numerator, | 
Line: 
integral, 112, 118 Odd function, 55 
sink, 284 One-to-one: 
source, 284 mapping, 242 
Liouville’s theorem, 145, 151, 163, 201 transformation, 242 
Logarithmic functions, 44 Open: 
region, 8 
Maclaurin series, 173 set, 8 
Magnification factor, 243, 259 Operator, 79 
Magnitude, 6 Ordinary point, 323 
Many-valued function, 41 Origin, 1 
Mapping, 242 Orthogonal: 
function, 42, 50 family of curves, 82, 98 
Mathematical model, 282 property for associated Legendre functions, 366 
Maximum modulus theorem, 145, 153, 164 set, 345 
Member, 7 trajectories, 108 
Meromorphic function, 176, 367 Orthogonality principle, 345 
Method of: Outside of a curve, 114 
stationary phase, 330 
steepest descents, 330, 363 Parallelogram, 332, 353 
Minimum modulus theorem, 145, 154 area, 27 
Mittag-Leffler’s expansion theorem, 209, 231 law, 6 
Modulus, 3, 4 Parametric equations, 14 
of an elliptic function, 332 Partial differential equation, 280 
Moment, 286, 302 Path, 177 
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Perfect conductor, 289 Remainder, 170 
Period, 54 Removable: 
Picard’s theorem, 175, 202 discontinuity, 47, 65 
Piecewise smooth, 83 singularity, 82, 98, 175 
Point, 4 Residue, 162, 205, 211, 329 
at infinity, 7, 47, 57, 175 theorem, 162, 206, 209, 234 
of accumulation, 8 Riemann: 
Poisson’s integral formulas, 281 mapping theorem, 233-234, 282 
for a circle, 145, 157, 281 sphere, 7 
for a half plane, 146, 158, 281 surface, 46, 61, 72, 319 
Polar: Rodrigue’s formula, 327 
coordinates, 4 Root: 
form, 4, 16 complex number, 22 
Pole of order n, 81, 97, 161, 175, 205, 211 of an equation, 5 
Polygonal path, 8 of unity, 6 
Polynomial: test, 172, 195 
equation, 5 Rotation, 244, 263 
function, 43 Rouche’s Theorem, 156, 165 
Position vector, 6 
Positive: Saddle point, 330 
direction, 114 method, 330 
integer, | Scalar product, 7 
Power series, 170, 173, 183 Schlaefli’s: 
Principal: formula, 193 
branch, 41, 44, 53, 57 representation, 193 
of mathematical induction, 19 Schwarz—Christoffel transformation, 246, 265, 270 
part, 79, 174, 367 Schwarz’s: 
range, 4, 53 inequality, 39 
value, 4, 41, 44 reflection principle, 320, 335, 357, 
Proper subset, 8 theorem, 160 
Pure imaginary number, 2 Sectionally smooth, 83 
Sequence, 48 
Quadratic equation, 24 Series (infinite), 49, 169-177 
Quotient, 1 Simple: 
closed curve, 83, 314, 327, 344 
Raabe’s test, 172, 196 harmonic motion, 100 
Radius of convergence, 170, 180, 183 pole, 81, 97, 175, 322, 329, 338, 343, 363, 366 
Ratio test, 172, 180, 342, 348 zero, 82, 97, 175 
Rational: Simply connected region, 113 
function, 43, 198, 207, 325 Single-valued function, 41 
number, | Singular point, 81, 105, 323, 341, 360 
transformation, 43 Singularity, 81, 198, 319, 325, 329, 363, 367 
Ray, 57 at infinity 82, 97, 175 
Real: Sink, 284, 288 
axis, 1, 4 Smooth: 
line integral, 112 arc, 83 
number, | curve, 83 
part, 2 Solutions of an equation, 23 
variable, 2 Source, 284, 288, 312 
Rectangular coordinates, 42 South pole, 6 
Rectifiable curve, 111 Stagnation point, 283 
Region, 8 Standard form, 14 
of convergence, 169, 170, 360 Stationary flow, 282 
Regular: Steady state, 282 
function, 77 Steepest decent, 347, 363 


singular point, 324, 341, 360 Stereographic projection, 7 


Stirling’s formula for: 

I, 330 

n}, 331 
Straight line equation, 14 
Stream: 

curve, 284 

function, 284, 295, 312 
Streamline, 284, 296 
Strength, 285, 312 
Stretching, 245, 263 
Subset, 8 
Subtraction, 1, 2 
Successive transformations, 245, 273 
Summation of series, 5 
Symmetric form, 14 


Tangent, 83 
Taylor: 
expansion, 173, 278, 330 
series, 173, 278, 330, 348, 357 
theorem, 173, 184 
Terminal point, 6 
Terms of a sequence, 48 
Theorems of Blasius, 286, 301, 302 
Theory of: 
alternating currents, 109 
elasticity, 316 
Thermal conductivity, 289 
Transcendental: 
function, 45 
number, 30 
Transformation, 42, 50, 242 


Translation, 244, 263 
Trigonometric functions, 43 


Unbounded set, 8 
Uniform: 
convergence, 170, 183, 320, 358 
flow, 284 
Union of sets, 8 
Uniqueness theorem for analytic continuation, 
319, 333 
Unit: 
cell, 332 
circle, 6 
disk, 243 
Upper bound, 112 


Value of a function, 41 
Velocity, 83 
potential, 282, 284 
potential function, 284, 295 
Vortex, 285 


Weierstrass—Bolzano theorem, 8 
Weierstrass’: 

factor theorems, 321, 339 

M test, 172, 181, 321, 347 


Zero, | 

of an equation, 5 

of order n, 81, 206, 321 
Zeta function, 328, 347, 363 
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